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Abstract 
 
Applications of microparticles and nanoparticles have been found in the fields of 
microelectronics, micro-electro-mechanical systems (MEMS), material engineering, chemical 
engineering, biomedical engineering and others. In most of the applications, the interfacial 
interactions of microparticles and nanoparticles with surfaces play a significant role. Currently, 
there are a very limited number of techniques capable of characterizing the properties of both the 
particles and the particle-surface interactions in real time with high sensitivities. In this thesis, a 
novel method using a thickness shear mode (TSM) acoustic wave sensor is devised to 
characterize the interactions of microparticles with surfaces and the properties of microparticles.  
Interfacial forces between a single microparticle and a surface, including Van der Waals 
forces, the gravitational force and capillary force, are analyzed. A mechanical model is developed 
to describe the interfacial interaction of a single microparticle with a piezoelectric quartz crystal 
TSM sensor. An important parameter, interfacial coupling coefficient, is proposed to characterize 
the particle-surface interactions. Equivalent electrical circuits are built to study the effects of a 
loading of a single or multiple particles on the electrical characteristics of a TSM sensor. The 
dependence of the change in the resonant frequency of a TSM sensor on the diameter of a particle 
is obtained. The mass sensitivity of 5 MHz and 10 MHz TSM sensors are experimentally 
determined. The interfacial coupling coefficients obtained from the TSM measurements are 
compared with the results obtained from the measurements of the interaction forces between a 
particle and a surface by using an atomic force microscope (AFM).  
This study shows that TSM sensors can be used as a very promising tool for the real-time 
characterization of the interactions of microparticles with a surface and the properties of the 
microparticles.  
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1. INTRODUCTION 
 
 
1.1. Overview 
Microparticles and nanoparticles have been found to be critical in many fields, such as 
the manufacturing of microelectronic devices and micro-electro-mechanical systems (MEMS), 
biomedical engineering and pharmaceutical industry, etc.[1][2] The interfacial interactions of 
microparticles and nanoparticles with various surfaces under different ambient conditions are 
strongly affecting the performance of the electrical and mechanical devices and systems [3]. 
These particle-surface interactions are determined by different force mechanisms, such as surface 
tension force, Van der Waals force, friction force, etc. The dominant forces usually vary in 
different environments. It is of great importance to understand the behaviors of the interfacial 
forces and interactions. However, there are few techniques that are capable of analyzing the 
particle-surface interactions. And almost all of them are complex and bulky and only suitable for 
analysis in laboratories.   
In this thesis, a novel technique using Thickness Shear Mode (TSM) acoustic wave 
sensors is presented for the study of interfacial interactions of microparticles with surfaces. Based 
on the analysis of the interfacial forces between a microparticle and a surface, a mechanical 
model and an equivalent electrical circuit are developed. A new parameter, named interfacial 
coupling coefficient, is proposed for characterizing the interaction of a microparticle with a 
surface. Theoretical modeling and experimental results show that TSM sensors have a very high 
sensitivity to a loading of microparticles. It is demonstrated that this technique is capable of 
determining the mass or diameter of a single or multiple microparticle(s) and the interfacial 
coupling coefficient. This technique provides a compact and cost effective means for the in-situ 
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analysis and real-time monitoring of the interactions of microparticles with surfaces under 
different environmental conditions.  
 
 
1.2. Background of the Research 
There have been tremendous progresses in the fields of science and engineering during 
the past half century. Information revolution has reshaped the economy, market and industry of 
most countries in the world.  Advanced electronic products and communication services, such as 
televisions, computers, internet and mobile telecommunication devices, have gradually become 
important parts of the routine activities for more and more people. This revolution is based on the 
discoveries in the fundamental research of multi-discipline fields including electronics, material 
science, physics and others. Especially, the achievements in the understandings of surfaces and 
interfacial phenomena in micro-scale (10-6m) and nano-scale (10-9m) have enabled the explosive 
developments in microelectronics and micro-electro-mechanical systems (MEMS) and 
biomedical engineering [4]. 
Great achievements have been made in the micro and nano technologies. Electronic 
devices using Integrated Circuit (IC) with linewidth of tens of nanometers have been 
commercialized. Among the applications in the micro and nano scales, the detection and 
characterization of microparticles on a surface is of great importance to micromachining, 
biomedical engineering and environment protection [5]. However, the interaction between a 
microparticle and a surface involves many parameters, such as the mechanical and dielectric 
properties of the particle and the surface, etc. Environmental conditions, including humidity, 
pressure and temperature, also play an important role. Currently, the available techniques for 
analyzing the interfacial interactions of microparticles with surfaces are mostly for laboratory 
analysis. There is an emergent demand for a technique capable of in-situ and real-time analysis of 
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particle-surface interactions. The successful development of this technique can find tremendous 
applications in many fields, especially for biosensors.  
Biosensors with the capability of detecting biological objects (cancel cells, anthrax 
spores, etc.) are critical for protecting public safety. Continuous monitoring of the harmful 
particulate matter in air (a combination of microparticles, nanoparticles and aerosols, i.e. dust, 
pollens, ashes, soot, etc.) is very important for the protection of environment and public health [6] 
[7]. Targeted drug delivery using microparticles as the carriers can improve the effectiveness of 
drugs. New surface coating and processing procedures of micro/nano-particles improve the 
performance of products enduring significant frictions and wearing, such as metal bearing and 
tires for automobiles. Better surface bonding and adsorptions of particles on various surfaces are 
always important in painting and filming industry. Prevention of contamination of microparticles 
and nanoparticles is also an essential step in the industrial manufacturing [8] [9]. However, all 
these applications require a technique with a high sensitivity and the capability of real-time 
analysis of the particle-surface interactions.  
 
1.2.1. Available Techniques for Studying Interactions of Particles with Surfaces 
Various techniques based on different operation mechanisms have been developed for 
surface analysis and interfacial analysis [10]. Although these techniques have different principles 
of operation, they have a similar sensing structure. Figure 1.1 shows a schematic diagram of a 
sensing technique for surface analysis. 
Generally, a surface analysis consists of three steps: the generation of a probing source, 
the responses of the sample and the detection of one or more responses. A probing source can be 
one or a combination of six types of sources, photon, electron, ion, neutron, heat or 
electromagnetic field. The sample may respond to the probing source by generating one or more 
of the six types of signals. Each response signal may carry different types of information of the 
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surface. One or more of the signals can be collected depending on the interested information. 
More details can be found in Appendix 1. 
 
 
 
 
Figure 1.1   A schematic diagram of a technique for surface analysis 
 
 
 
A variety of techniques using different combinations of the probing sources and the 
specific responses have been developed for surface analysis [11]. Different types of information 
can be obtained using each technique, such as surface roughness, chemical composition, etc. A 
brief introduction to the definitions of surface and interface is given in Appendix 2. A summary 
of some important surface analysis techniques is also provided. 
Although there are tens of techniques for surface analysis, the number of techniques 
capable of interfacial analysis is quite limited. This is because an interface is the boundary of the 
surfaces of two media and some of the probing sources (photon, electron, ion, neutral, heat or 
field) may not be applied to the interface. In particular, it is really hard to apply electron/ion 
beams to the interface of a solid particle with a surface. Some important techniques capable of 
analyzing microparticles and/or nanoparticles on a surface are discussed below. 
 
A. Optical Microscopy 
Optical microscopy (OM) provides a direct visual observation of the particles on a 
surface. Some physical information of the particles, such as size, shape and position, can be 
Probing 
sources
Various responses
Sample
Detection of 
responses 
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obtained. It can analyze a single particle or multiple particles at the same time. But it is hard to 
get the information on the interfacial interactions of the particles with the surface. The resolution 
of an optical microscope is about half of the optical wavelength. Therefore, the minimum 
observable diameter of the particles is around 200 nm. An optical microscope is relatively 
expensive and bulky. It is not easy to be used for in-situ analysis. 
 
B. Scanning Electron Microscopy 
Scanning Electron Microscopy (SEM) can provide images of a single particle or multiple 
particles on a surface [12]. Particle size, shape, surface conditions can be measured at a very high 
resolution (< 10 nm), although no information of the particle-surface interface is obtained. SEM 
requires an operation in vacuum and a conductive coating on non-conducting samples. It is very 
expensive and bulky and requires proper maintaining. Therefore, it is difficult to use SEM for in-
situ applications such as industrial manufacturing processes.  
 
C. Atomic Force Microscopy 
The Atomic force microscopy (AFM) is an important member of the scanning probe 
microscopy (SPM) family. It has been extensively used in investigating surface structures and 
interaction forces [13]. The AFM is the first technique developed that enables the study of the 
interfacial phenomena at the atomic level. It can measure the particle-surface interaction forces 
and provide three-dimensional images of particles and surfaces with a resolution better than 0.1 
nm. However, the scanning speed of the AFM is relatively slow. The response time of the AFM 
to a change/loading on the surface is long. Also the AFM is very expensive and bulky. Therefore, 
the AFM is usually used for static analysis and not suitable for dynamic measurements that 
require a fast response time. 
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D. Raman Microscopy 
Raman microscopy (RM) uses the Raman Effect (inelastic scattering of light) to 
characterize the chemical properties of a microparticle [14]. Its spatial resolution can be close to 
the limit of resolution of an optical microscope, around 250 nm. A combination of Raman and 
fluorescence can detect the presence of very small structures in a micron-sized object, such as 
tagged DNA within a cell [15]. Raman microscope has a relatively high expense and large 
volume but it may be use in real-time measurements.  
 
E. Total Internal Reflection Fluorescence Spectroscopy 
Total Internal Reflection Fluorescence Spectroscopy (TIRFS) uses evanescent wave 
induced fluorescence to detect the changes in the interfacial environment near the boundary of 
two media with different refractive indices [16]. It has seen increasing applications in analyzing 
biological objects on a surface. TIRFS requires a light beam incident on a surface at an angle 
larger than critical angle to create a total reflection while the specimen is on the other side of the 
surface. This technique is normally used in the in vitro analysis of biological specimens.  
 
F. Comparison of Available Techniques for Interfacial Analysis 
There are some other techniques also used in the interfacial analysis, such as optical 
tweezer [17], surface Plasmon resonance [18] and Ellipsometry. But the five techniques discussed 
above are the most widely used. These techniques have their own advantages and disadvantages. 
A comparison of some important features of the five techniques is given in Table 1.1.  
It can be seen that these techniques for interfacial analysis can provide some information 
on physical and chemical properties of particles and surfaces, such as particle size or size 
distribution. However, many of them have complex and bulky structures with high expenses for 
operation. They are usually limited to the analysis in the laboratories. In practical applications, it 
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is often required to analyze the particle-surface interactions within the manufacturing processes 
and provide the analysis result immediately. Very few techniques are capable of characterizing 
the interfacial interactions of particles with surfaces based on in-situ and real-time measurements. 
 
 
 
Table 1.1   Comparison of techniques for interfacial analysis 
Features OM SEM AFM RM TIRFS 
Desired 
Technique 
Ability to obtain physical 
properties of particles and 
surfaces 
Medium High High Low Low High 
Ability to obtain chemical 
properties of particles and 
surfaces 
Low Medium Medium High High High 
Ability of characterizing 
interfacial interactions of 
particles with surfaces 
Low Low High Medium Medium High 
Ability of characterizing 
multiple particles at the 
same time 
High High Low Medium Medium High 
Ability for in-situ and real- 
time analysis 
Low Low Low Low Low High 
Speed of processing and 
analysis 
High Low Low Medium Medium High 
Resolution (nm) 250 10 0.1 250 250 High 
Expense and Complexity Medium High High Medium Medium Low 
 
 
 
The last column of Table 1.1 gives the features of an ideal technique for interfacial 
analysis, although it is not likely to have all of these features in one technique. With the emphasis 
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on the capability of being applied into practical applications, a novel technique using thickness 
shear mode (TSM) acoustic wave sensors is proposed in this thesis that has the following 
features:  
- Ability of in-situ and real-time characterization of interfacial interaction of particles with 
surfaces. 
- Ability of providing some physical and chemical information of the interface. 
- Simple structure, compact size and cost-effective for easy manufacturing. 
 
1.2.2. Acoustic Wave Sensors 
Acoustic wave sensors refer to a group of sensors that utilize acoustic waves as the 
sensing element. When an acoustic wave propagates within a sensor or along the surface of a 
sensor, the mechanical properties (i.e. velocity and amplitude) of the wave are determined by the 
characteristics of the medium on its propagation path. Any changes to the characteristics of the 
medium, such as an impurity inside the sensor or a particle on the surface of the sensor, can affect 
the mechanical properties of the acoustic wave. By monitoring the mechanical properties of the 
acoustic wave, the changes in the velocity and amplitude can be related to the physical and/or 
chemical characteristics of the impurity or particle. 
Virtually all the acoustic wave sensors are made of piezoelectric materials. By utilizing 
the piezoelectric effect, an acoustic wave is generated when an alternating electrical signal is 
applied to an acoustic wave sensor. By measuring the mechanical properties of the acoustic 
waves before and after a load is applied to the sensor surface, the characteristics of the load can 
be retrieved from the changes in the mechanical properties.  
Practically, the mechanical properties of the acoustic wave, such as velocity, amplitude 
and acoustic impedance, etc., can be obtained from the electrical characteristics of the sensor, 
such as frequency (f), impedance (Z), reflection coefficient (R) and forward transmission 
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coefficient (S), etc. Measurements of these electrical parameters are more accurate and much 
easier than monitoring the velocity and amplitude of an acoustic wave. By comparing the 
electronic characteristics of the acoustic wave sensor before and after a load is applied, the 
mechanical and/or electrical properties of the load can be obtained with the help of theoretical 
modeling. Therefore, the piezoelectric effect is the foundation of the operation of an acoustic 
wave sensor. 
 
1.2.2.1. Piezoelectric Effect 
Piezoelectricity was first discovered by the brothers Pierre and Jacques Curie in 1880 
[19]. It was demonstrated that certain crystals have the ability to generate an electric polarization 
in response to a mechanical strain and this effect is reversible. The appearance of piezoelectricity 
is due to the non-centrosymmetric structure of an atomic lattice. Figure 1.2 gives a demonstration 
of the generation of non-zero dipole momentum due to the piezoelectric effect.  
 
 
 
 
Figure 1.2   A schematic diagram of the generation of electric dipoles under tensile stress 
Ptotal  = PAB + PCF + PED 
 = q ⋅ L + (-q) ⋅ 2L + q ⋅ L  = 0 
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The positive and negative charges inside the atomic lattice of a non-centrosymmetric 
material form electric dipoles. When the material is free of stress, the electric dipoles are 
balanced and the overall dipole momentum is zero. If a stress is applied to the material, the 
material exhibits deformation and the overall dipole momentum becomes non-zero. 
A unit cell (the smallest unit in a crystal that forms the crystal structure by repeating itself 
in three dimensions) of a non-centrosymmetric material with a hexagonal lattice is shown in 
Figure 1.2 a). Six positive and negative charges distribute asymmetrically within the unit cell. 
Each pair of positive and negative charges forms an electric dipole. But the total momentum of 
the three dipoles is zero when no stress is applied.  
When the crystal is subject to a tensile stress, the unit cell extends in the same direction 
of the applied stress. Each atom displaces a length of ∆L from its unstressed position, as shown in 
Figure 1.2 b). The total dipole momentum becomes non-zero. Thus, the applied stress results into 
the generation of charges/dipoles.  
A very important feature of the piezoelectric effect is reciprocal. It means that the 
excitation and response can be interchanged between mechanical stress/strain and electric 
field/dipoles. This feature results in two types of piezoelectric effects: direct piezoelectric effect 
and converse piezoelectric effect. 
Direct piezoelectric effect refers to the appearance of an electric field or charges inside a 
piezoelectric material by applying a mechanical stress. Changing the direction of the stress can 
alter the polarities of the electrical field/charges, as shown in Figure 1.3.  
When a compressive stress is applied, electrical charges appear on the two opposite sides 
of the piezoelectric material. If a tensile stress is applied, the polarities of the charges alter, as 
well as the direction of the generated electric field. 
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Figure 1.3   Direct piezoelectric effect with compressive or tensile stress 
 
 
 
Converse piezoelectric effect is also called reciprocal or inverse piezoelectric effect. 
With an applied electric field, a piezoelectric crystal may exhibit certain strain. By alternating the 
direction of the electric field, the strain will also change [20]. Figure 1.4 shows the strain of a 
piezoelectric material under alternating electric fields. 
 
 
 
 
   Figure 1.4   Converse piezoelectric effects with alternating electric fields 
 
 
 
In both direct and converse piezoelectric effects, the relations between the electric 
field/charges and the stress/strain are determined by the mechanical, the electrical and 
piezoelectric properties of a material. The behaviors of a piezoelectric material are described by 
the constitutive equations of the piezoelectric effect.  
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1.2.2.2. Applications of Piezoelectricity 
The first important application of piezoelectricity happened during the World War I in 
1910s, where there was an emergent demand for detection of submarines. With an ultrasound 
detector made of piezoelectric quartz crystal, the invention of sonar (sound navigation and 
ranging) declared the start of the wide applications of piezoelectricity. Since then, piezoelectric 
materials with different structures and operation modes have been used in many applications [21], 
such as oscillators (i.e. frequency standard), sensors (i.e. detection of mass, viscosity and 
elasticity), transducers and receivers (i.e. ultrasound imaging), actuators (i.e. nanometer 
manipulator), filters (i.e. cell phone), and electro-mechanical energy transformer (i.e. speaker), 
etc. A summary of the applications of piezoelectric devices is shown in Table 1.2 [22]. 
 
 
 
Table 1.2  Applications of piezoelectric devices [22] 
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In the sensing applications, both direct piezoelectric effect, i.e. blood pressure sensor, and 
converse piezoelectric effect, i.e. viscosity sensor and biosensors, have been used. In this study, 
the interest is focused on the interactions of microparticles with surfaces. Acoustic wave sensors 
utilizing converse piezoelectric effect are deployed. 
 
1.2.2.3. Modes of Mechanical Motions in a Piezoelectric Material 
Piezoelectric devices have been widely used in many applications [23] [24]. The 
knowledge of different types of materials and operation modes of piezoelectric devices is 
essential to select an appropriate device for a specific application.  
There are three important modes of mechanical motions due to piezoelectric effects: 
longitudinal, transverse and shear motion. In a longitudinal motion, the direction of the 
deformation is parallel to the direction of the applied electric field. In a transverse motion, the 
direction of the deformation is perpendicular to the direction of the electric field. While in a shear 
motion, the deformation is in the shear direction and the maximum deformation happens at the 
two surfaces of a piezo-material. The three motions are shown in Figure 1.5 a), b) and c), 
respectively. 
 
 
 
 
Figure 1.5   Three important modes of mechanical motion in the piezoelectric effect 
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These are the fundamental motions in a piezoelectric effect. The actual motion of a 
piezoelectric material usually consists of a combination of the three modes and is determined by 
the mechanical, dielectric and piezoelectric properties of the material and the applied electric 
field. 
 
1.2.2.4. Types of Piezoelectric Devices 
Based on the propagation path of acoustic waves, piezoelectric devices can be classified 
as a bulk acoustic wave (BAW) device or a surface acoustic wave (SAW) device. In a BAW 
device, acoustic waves are usually excited by the metalized surfaces (electrodes) on the opposite 
sides of a bulk piezoelectric material and propagate through the bulk body. As explained in 
Figure 1.5, the motion of a BAW device can be in a longitudinal, transverse or shear mode based 
on the relation between the direction of the excitation (electric field) and the direction of the 
deformation. The actual motion modes depend on the piezoelectric constants of a piezoelectric 
material. In most cases, all the three modes exist in a BAW device. If one mode has a 
piezoelectric constant much larger than the other two modes, this mode will have most of the 
energy transferred from electrical excitation due to the piezoelectric effect and becomes 
dominant. 
In a SAW sensor, acoustic waves are usually excited by electrodes on the same side of a 
piezoelectric material and propagate in vicinity of the surface. These electrodes mostly have a 
specifically designed interdigital (IDT) pattern. 
BAW devices have been applied in the applications of oscillators, sensors, actuators. 
Currently, the most common application of piezoelectric devices is observed in the production of 
oscillators for frequency standards.  
SAW devices have been experienced fast development in filter and sensor fields in the 
last twenty years. An important application is the acceleration sensor in the automobile industry. 
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With the booming of mobile telecommunication industry, SAW devices have become the best 
choice as filters with their high performance, low cost and small sizes.  
 
1.2.2.5. Piezoelectric Materials  
Piezoelectricity has been found in many single crystals, ceramic materials and polymers. 
Some exist in the nature and most of them are synthesized. Different types of materials may have 
significant differences in mechanical, electrical and piezoelectric properties. It is critical to 
understand the advantages and disadvantages of each material. Due to the vast numbers of 
piezoelectric materials in each type, only a couple of them are listed here. 
Among the 32 classes of crystalline materials, 20 of them exhibit piezoelectric effects. 
Quartz crystal (SiO2) was one of the first materials that were found to exhibit piezoelectricity. It 
became the first material that found practical applications during the development of sonar in 
1910s. Today it has extended its applications in many fields. Other important quartz analog 
crystals include berlinite (AlPO4) and gallium orthophosphate (GaPO4). Single crystals, 
especially quartz crystal, have a very high stability over a long term. They are normally resistive 
to chemicals and environmental changes and suitable for sensing applications. 
Piezoelectricity in some ceramic materials was found at the same time as quartz, such as 
Rochelle salt or potassium sodium tartrate tetrahydrate (KNaC4H4O6·4H20). Most of the 
piezoelectric ceramic materials are synthesized. Some of the most important piezoelectric ceramic 
are barium titanate (BaTiO3), lithium niobate (LiNbO3) and lead zirconate titanate (PbZrxTi1-xO3 
or PZT). These ceramic materials usually have high sensitivities. While piezoelectric ceramic 
materials may have a much higher piezoelectric coupling coefficient and sensitivity (i.e. the 
sensitivity of PZT is about two orders higher than that of quartz), their stabilities strongly depend 
on temperature and become significantly worse over time. With their high sensitivities, ceramic 
materials are practically used in precision actuators and motors. 
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Piezoelectric polymers were first discovered in 1920’s and did not get much attention 
until the discovery of polyvinylidene fluoride (PVDF) in 1969. PVDF has a piezoelectric 
coupling coefficient more than two times higher than quartz crystal and is a widely used 
piezoelectric material. Piezoelectric polymers have quite different characteristics from 
piezoelectric crystal and ceramic materials [25]. They have a higher piezoelectric stress constant 
(a parameter to evaluate the response of the material under stress) over ceramic materials. 
Therefore, they are better choices as sensors compared with ceramic. 
A comparison of some important mechanical and piezoelectric properties of typical 
single crystal (quartz), ceramic (PZT) and polymer (PVDF) is shown in Table 1.3.  
 
 
 
Table 1.3   Comparison of properties of quartz, PZT and PVDF 
Material Properties Quartz PZT PVDF 
Mass Density 
ρ (g/cm3) 
2.53 7.6 1.78 
Relative Permittivity 
εr 3.75 1700 12 
Piezoelectric Strain Constant 
d31 (10-12 m/V) 
2.3 175 28 
Piezoelectric Stress Constant 
g31 (mV⋅m/N) 8.67 11 240 
Piezoelectric Coupling Coefficient 
k31 
0.0001 0.34 0.12 
Maximum Temperature 
T (°C) 
550 365 80 
Resonant Frequency 
f (MHz) 
1 - 100 365 80 
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In the table, directions 1, 2 and 3 are parallel to the x, y and z axes in a Cartesian 
coordinate system. d31 is the induced polarization in direction 3 (parallel to the direction in which 
a piezoelectric element is polarized) per unit stress applied in direction 3. g31 is the induced 
electric field in direction 3 (parallel to the direction in which a piezoelectric element is polarized) 
per unit stress applied in direction 1 (perpendicular to the direction in which a piezoelectric 
element is polarized). k31 describes the relation between the electric field in direction 3 (parallel 
to the direction in which a piezoelectric element is polarized) and the longitudinal vibrations in 
direction 1 (perpendicular to the direction in which a piezoelectric element is polarized).  
The three types of piezoelectric materials have significant differences in the mechanical, 
dielectric and piezoelectric properties. The choice of an appropriate material for a specific 
application is very importance. Depending on the priorities of an application, such as stability, 
sensitivity or mobility, a piezoelectric device made of quartz, PZT or PVDF could be chosen. 
 
1.2.2.6. Thickness Shear Model Sensor 
Thickness shear mode (TSM) sensor is a type of acoustic wave sensors. The acoustic 
wave in a TSM sensor propagates in the direction along its thickness. The two surfaces of the 
sensor exhibit shear motions (perpendicular to the direction of the wave propagation) in opposite 
directions by alternating the polarity of the applied voltage, as shown in Figure 1.6.  
 
 
 
 
Figure 1.6   Shear motions of a TSM sensor under alternating voltages 
 TSM Sensor TSM Sensor TSM Sensor 0 volt 
+
- +
-
Shear motion Shear motion 
Wave 
propagation
Wave 
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A TSM sensor has been widely used in various applications because of its high mass 
sensitivity to the loading on the sensor surface and its temperature compensation. As a resonator, 
an unloaded TSM sensor has a much higher quality factor (>105) than a mechanical resonator 
(usually up to thousands). The shear acoustic wave propagating inside the sensor can dissipate 
into the medium above the sensor surface. The mechanical and dielectric properties of the 
medium affect the propagation of the acoustic wave. With the knowledge of the electro-
mechanical coupling of the TSM sensor, information on the medium and the interface can be 
obtained by comparing the measurements of the electrical characteristics of the sensor before and 
after the medium is loaded on the surface. Therefore, a TSM sensor is suitable for studying the 
interfacial interactions. In the characterization of the interaction of microparticles with a surface, 
TSM sensors made of AT-cut quartz crystal are chosen. More details are discussed in Chapter 2.  
 
1.2.3. Significance of this Thesis Work 
The interactions of microparticles and nanoparticles with different surfaces have attracted 
increasing interests of many researchers. The information on the particle size and mass is very 
important in many applications. The activities of biological objects (i.e. molecules, protein and 
cells, etc.) on different surfaces are critical to the research in biology and biomedical engineering. 
These interfacial interactions have become one of the hottest research areas during the last couple 
of decades. Therefore, it is of great interest to have a compact and cost effective technique that 
can provide not only the properties of a single or multiple microparticles on a surface but also the 
information on the interaction between the microparticles and the surface. However, the currently 
available techniques may fulfill part of the requirements but have some limits in other aspects, as 
listed in Table 1.1. A novel technique is required to satisfy the requirements. 
In this thesis, the interaction of a single microparticle with a surface is studied by using a 
piezoelectric Thickness Shear Model acoustic wave sensor. The interaction forces between a 
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particle and a surface, including gravity force, Van der Waals force and friction force, are 
analyzed. A mechanical model is developed based on the force analysis. An important parameter, 
interfacial coupling coefficient, is defined to describe the strength of the particle-surface 
interaction. An equivalent electrical circuit is constructed by understanding the transformation 
between a mechanical oscillator and an electrical resonator. Through theoretical modeling and 
experimental measurements, it is shown that a novel technique using TSM sensors is developed 
in this study for the characterization of the interaction of a microparticle or multiple particles with 
a surface.  
This study is of great significance because most applications involving the detection and 
manipulation of microparticles require the information on both the particle size/mass and the 
particle-surface coupling strength. For the applications of biosensor, the knowledge of the binding 
strength between an antibody and an antigen as well as the mass of the antigen helps the 
identifications of biological objects. In tissue engineering, cell adhesion on artificial materials is 
one of the most important issues. The adhesion and spreading of cells on a surface is a dynamic 
process. The strength of the interaction of a cell with a surface is changing continuously. 
Currently, there is no known technique having the capability of providing the information on both 
the properties of microparticles and the interfacial interactions of microparticles with a surface in 
a single measurement. The novel technique developed in this thesis study has this capability and 
provides a promising tool for the sensing applications, especially for the biomedical engineering.  
The TSM sensor chosen in this technique is compact and cost effective. A TSM sensor is 
made of a quartz plate with a thickness of several hundred micrometers and a diameter of 5 ~ 15 
mm. This results in a compact sensing element. The measurement of a TSM sensor is based on 
the resonant frequency. The electronic circuits involved are relatively simple compared with other 
applications, such as high speed communications and voice/video processing, etc. A complete 
TSM sensing system using this technique can be made into a handheld device, including a TSM 
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sensor, an electronic measurement unit and a control unit for data acquisition, processing and 
output. The fast measurements and data processing make the response time of the system within a 
few seconds. The manufacturing of a TSM sensor takes advantage of the mature technologies 
used in the semiconductor industry. The cost of a single sensor is reduced to a few dollars or less 
for mass production. These factors make a TSM sensor a compact and low cost sensing tool 
capable of in-situ and real-time analysis. It can be applied in board applications involving the 
detection, production or removal of microparticles, such as biosensors, MEMS development, 
surface processing, and monitoring of air quality, etc. 
 
 
1.3. Objectives of the Thesis 
This thesis work is focused on the theoretical and experimental study of the interaction of 
a single microsphere with a surface. The results of this thesis work should help the study of the 
interactions of microparticles and nanoparticles with surfaces.  
The objectives of this thesis work are: 
- To analyze the interfacial forces between a microparticle and a surface. 
- To develop a mechanical model and an equivalent electrical circuit to characterize the 
interaction of a single microparticle or multiple microparticles with a surface. 
- To experimentally study the interfacial interactions of microparticles with a surface using 
TSM sensors and the AFM and correlate the results with the theoretical modeling. 
- To provide a preliminary study of the influence of ambient conditions on the particle-
surface interaction. 
 
By achieving these goals, a novel technique capable of characterizing the particle-surface 
interactions is developed.  
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1.4. Organization of the Thesis 
This thesis starts with the introduction to the thesis work in Chapter 1. Background and 
significance of the research, a brief summary of acoustic wave sensors and competing techniques 
and the objectives of the study are included.  
In Chapter 2, the background knowledge required to understand the thesis work is 
introduced. Previous studies of TSM sensors are reviewed with different models and loadings. 
In Chapter 3, interaction forces between a particle and a surface are evaluated. A model 
for the interaction of a single particle with a surface is presented. An important parameter, 
interfacial coupling coefficient, is defined to describe the interaction of a microparticle with a 
surface. 
In Chapter 4, a mechanical model of the interaction of a single microsphere with a solid 
surface is developed. The model is simulated to evaluate the influence of different parameters on 
the particle-surface interaction. An equivalent electrical circuit is created for the interaction of a 
single particle or multiple particles with a surface.  
In Chapter 5, a measurement system to characterize the interactions of microparticles 
with a surface using a TSM sensor is built. The functions of each component of the system are 
described, including the setup of electronic measurements, sample preparation, measurement 
procedures and data processing techniques. A system using the AFM to measure the interaction 
forces between a microparticle and a surface is also introduced.  
In Chapter 6, the results from TSM and AFM measurements are presented. Data analysis 
and comparisons with the simulation results are provided as well as the results obtained from the 
preliminary study of the influence of the environmental conditions on the interaction of a 
microparticle with a surface.  
Finally, the thesis work is concluded in Chapter 7, including the achievements, original 
contribution and the proposed future work. 
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2. QUARTZ CRYSTAL TSM SENSOR 
 
 
2.1. Quartz Crystal TSM Sensor 
The piezoelectric effect has been found in many single crystals, ceramic materials and 
polymers. In this study, AT-Cut quartz crystal is chosen as the piezoelectric material for TSM 
sensors. This choice is made based on three considerations. 
First, quartz crystal is the first material that has been demonstrated to be piezoelectric. 
The properties of quartz crystal have been well studied and the mature fabrication processes result 
in very lost cost for mass production of quartz crystal. This is important because one of objects of 
this study is to realize in-situ and real-time analysis of particle-surface interactions by using TSM 
sensors in different applications.  
Second, quartz crystal has a long history of being used as an oscillator due to its 
extremely low loss factor. This makes a quartz crystal TSM sensor having a very high quality 
factor (on the order of 106). Therefore, a quartz crystal TSM sensor is very sensitive to a load on 
its surface and capable of analyzing the interaction between microparticles and a surface. 
Third, quartz crystal has a very stable operation under various environmental conditions. 
Quartz crystal has a trigonal structure and different cuts through the crystal show different 
properties. Figure 2.1 shows some important cuts of a quartz crystal. AT-cut quartz crystal is 
chosen because it is the first temperature-compensated cut of quartz crystal. A device made of 
AT-cut quartz crystal has a zero temperature coefficient. This is crucial for sensing application 
especially for sensors operating in the ambient environment with a varying temperature. This 
eliminates the need of a temperature-controlled oven which would greatly increase the cost of a 
sensor. Although there have been other cuts discovered with zero temperature coefficient, AT-cut 
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quartz crystal remains a widely used material for sensing applications due to its outstanding 
features and mature fabrication processes. 
 
 
 
 
Figure 2.1   Different cut angles of a quartz crystal [50] 
 
 
 
By choosing AT-cut quartz crystal as the piezoelectric material, the performance of a 
TSM sensor can be predicted by using the constitutive equations which dictate the mechanical 
and electrical actuations/responses of a piezoelectric device.  
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2.2. Constitutive Equations  
The constitutive equations of piezoelectric effect describe the relations among stress (T), 
strain (S), electric field strength (E) and electric displacement (D) within a piezoelectric material. 
Each of these four parameters can be applied to a piezoelectric element as an excitation and also 
can be the response of the material due to another excitation. The behaviors of a piezoelectric 
element under a direct/converse piezoelectric effect are determined by the constitutive equations, 
which are the combination of the mechanical, electrical and piezoelectric properties of the 
material. 
 
2.2.1. Mechanical properties:  
A mechanical stress (T) is directly related to the strain (S) of a material by the elastic 
constant according to the Hooke’s Law as in Eqs. 2.1 and 2.2 [26]. 
ScT ⋅=  2.1 
TsS ⋅=  2.2 
In the two equations above, T is the stress, S is the strain, c is the elastic modulus and s is 
the elastic compliance. For a material with homogeneous properties, the elastic modulus and 
compliance are scalars. But for piezoelectric materials, which are non-homogeneous, both the 
elastic modulus and compliance are tensors. Thus, the previous equations change to Eqs. 2.3 and 
2.4. 
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The subscripts (i, j = 1, 2, 3, 4, 5, 6) in Eqs. 2.3 and 2.4 represent the directions of the 
stress and strain and are assigned in Figure 2.2. 
 
 
 
 
Figure 2.2   A 3-dimentional orthogonal coordinate system for piezoelectric materials 
 
 
 
Axes 1, 2 and 3 construct an orthogonal coordinate system. Axes 4, 5 and 6 correspond to 
the rotations along axes 1, 2 and 3, respectively. For a piezoelectric material, 3-axis is usually 
chosen as the direction of the polarization or z-axis. 
 
2.2.2. Dielectric Properties: 
The electric permittivity, ε, of a material refers to its ability to polarize in response to an 
electric field. It can be expressed by Eq. 2.5. 
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or ε⋅ε=ε  2.5 
where, εr is the relative electric permittivity (relative dielectric constant) and εo is the electric 
permittivity of free space (vacuum). 
The electric displacement, D, is related to the electric field strength, E, by the electric 
permittivity. Piezoelectric materials are non-isotropic and the electric permittivity appears as a 
tensor, as shown in Eq. 2.6. 
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2.2.3. Piezoelectric Properties: 
In the piezoelectric effect, the excitation and response can be either the stress/strain or the 
electric displacement/field. The piezoelectric effect is linear and reciprocal. There are several 
variations of parameters that are used to describe the relations between excitations and the 
responses in both the direct and converse piezoelectric effect. Among those parameters there are 
two most widely used: one is called the piezoelectric charge constant, d, and which refers to the 
amount of strain experienced by the material per unit of an applied electric field. The 
piezoelectric properties from the electro-mechanical coupling can be described by  
TdD ⋅=  2.7 
E'dS ⋅=  2.8 
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where, d is the piezoelectric constant; d′ is transverse of the piezoelectric constant. 
By combining the above equations, the coupled force-response equations can be obtained 
TdED ⋅+⋅ε=  2.9 
E'dTsS ⋅+⋅=  2.10 
Eq. 2.9 and Eq. 2.10 are the constitutive equations of piezoelectric effects. By using these 
equations, the behaviors of a piezoelectric material under a combination of stress and electric 
fields can be predicted. 
Based on the constitutive equations, the behaviors of a TSM sensor can be predicted by 
creating the equations of the shear acoustic waves and finding out the solutions to the resonant 
frequencies of a TSM sensor under various conditions, such as unloaded in vacuum, loaded with 
solid thin film or viscous liquid or both, etc. 
 
 
2.3. Review of the Previous Studies on TSM Sensors 
TSM sensors have been used in many sensing applications [27], such as sensors for 
pressure, viscosity, elasticity, acceleration, mass or thickness, etc. Studies have been reported on 
TSM sensors with various loadings, such as solid films, gases, viscous liquids, simultaneous 
loading of solid film and viscous liquid, etc. A brief review is given below for the main 
achievements in the studies of TSM sensors.  
 
2.3.1. Different Types of Loadings on a TSM Sensor 
A TSM sensor can be loaded with different types of loadings, including air, liquid and 
solid. Studies have been reported on TSM sensors loaded with solid thin film, liquid, a 
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combination of thin film and liquid and solid particles. A brief review is given here on the 
previous works. 
The studies on different types of loadings on a TSM sensor have a history over fifty 
years. AT-cut quartz crystal was first used as a sensor due to the pioneer work by G. Sauerbrey in 
1950’s [28]. In this work, an AT-cut TSM sensor was used to measure the mass of a thin film on 
the sensor surface. A schematic diagram of the sensor structure is shown in Figure 2.3.  
 
 
 
 
Figure 2.3   A schematic diagram of a TSM sensor with a deposited solid thin film in vacuum 
 
 
 
By considering the thin film as a solid mass loading, the relation between the mass or 
thickness of the thin film was derived as in Eq. 2.11. This has been successfully applied into 
monitoring the thickness of thin films during deposition or evaporation in the semiconductor 
industry. 
2
0
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v
2f ⋅∆⋅⋅ρ−=∆  2.11 
where, ρq and vq are the mass density and wave velocity of the AT-cut quartz crystal, 
respectively; f0 is the fundamental resonant frequency of the TSM sensor; ∆m is the mass of the 
loaded thin film; ∆f is the change in the resonant frequency of the TSM sensor. 
TSM sensor ρq, cq
Vacuum
Gold electrode 
Gold electrode 
Vacuum
Solid thin film 
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An improved and more complete study on thin films loaded a TSM sensor was done by 
Benes [29]. Theoretical equations and simulation models were developed to study the dependence 
of the resonant frequency of the TSM sensor with different loading. Various important aspects 
were discussed, including the usable frequency range for different materials and the 
determination of accurate impedance Z from two quasi-harmonic frequencies.  
The applications of TSM sensors were originally limited to monitoring the mass or 
thickness of a solid thin film on the surface of a TSM sensor in vacuum. Although it was believed 
that shear acoustic waves should be heavily damped inside liquids, later studies have shown that a 
liquid loaded on the surface of a TSM sensor can affect the propagation of the shear acoustic 
wave and result in the changes in the electrical parameters of the TSM sensor. The properties of 
the loaded liquid were successfully related to the change in the resonant frequency of a TSM 
sensor, as given in Eq. 2.12 [30].  
2/3
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ρ⋅µ−=∆  2.12 
where, cq and ρq and are the elastic constant and mass density of the quartz crystal, respectively; 
f0 is the fundamental resonant frequency of the TSM sensor; µL and ρL are the viscosity and mass 
density of the liquid on the sensor surface is the mass of the loaded thin film; ∆f is the change in 
the resonant frequency of the TSM sensor. 
This achievement has a tremendous influence on the study of TSM sensors with fluid 
loadings and showed promising potential in the applications of TSM sensors as physical, 
chemical and biomedical sensors.  
Great interest has been brought into the study of TSM sensors since 1980s and many 
applications of TSM sensors have been reported, such as gas and liquid pressure sensor, viscosity 
sensor  [31] [23] [32], chemical sensors [33] [34], and biomedical sensors [35] [36], etc. To 
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increase the sensitivity and capability of analyzing multiple samples at the same time, 
piezoelectric biosensor assay has also been studied for bacterial toxicity determination in 
environmental samples [6].  
Among these progresses, one important success came from the results of a simultaneous 
loading of a thin film and liquid on the surface of a TSM sensor [37], which provides a theoretic 
analysis tool for developing chemical and biomedical sensors.  
Besides these studies on a solid and/or liquid load uniformly distributed on the surface of 
a TSM sensor, the interaction of a single particle with various surfaces has been of growing 
interest because it is important for interfacial analysis and surface engineering and it is also 
essential in determining the minimum detectable mass or the detection limit of a sensor.  
However, the coupling between a microparticle and a surface is much weaker than the 
coupling between a solid thin film or liquid and a surface. A relative large decrease in the 
resonant frequency of a TSM sensor can be observed with a solid/liquid load. For the weak 
coupling between a single microparticle and a TSM sensor surface, the resonant frequency 
actually increases but the increment is very small (several or tens Hz) compared with the 
frequency decrease (hundreds to tens thousands) for a solid/liquid load. Currently, quite limited 
results have been reported on the interaction of microparticles with a TSM sensor surface [38] 
[39]. In this thesis, the interaction of a microparticle with a surface is investigated theoretically 
and experimentally. 
 
2.3.2. Models for TSM sensors with Different types of Loadings 
Different models have been presented for an AT-cut quartz crystal TSM sensor. Based on 
the constitute equations, equations of motion and boundary conditions of an unloaded and/or 
loaded TSM sensor, the expressions of the acoustic waves propagating inside and outside the 
quartz crystal can be obtained. The changes in the mechanical and electrical characteristics of a 
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TSM sensor around its resonant frequencies can be related to the properties of a load applied to 
the sensor surface. More details on the derivation of acoustic waves inside a TSM sensor can be 
found in Appendix 4. 
To find an accurate model for a TSM sensor, a physical model of a TSM sensor is first 
established as shown in Figure 2.4. The TSM sensor is made of an AT-cut quartz crystal plate 
with two gold electrodes coated on its opposite surfaces. The quartz plate has a thickness tq. The 
two electrodes are exposed to medium 1 and medium 2, respectively.  
 
 
 
 
  Figure 2.4   A physical model of a TSM sensor 
 
 
 
This TSM sensor can be represented by a three-port network as shown in Figure 2.5. The 
characteristics of the three-port network are represented by the parameters at the three ports, the 
force and velocity at the acoustic port 1 and port 2, and the current and voltage at the electrical 
port 3.  
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Figure 2.5   A TSM sensor modeled as a three-port network 
 
 
 
The forces and particle velocities at the two acoustic ports are defined as F1, F2 and v1, v2, 
respectively. Based on the relations among the stress, velocity and displacement of the acoustic 
wave discussed in Appendix 4, the forces and velocities at the two surfaces of the TSM sensor, z 
= -tq/2 and z = tq/2, can be defined as 
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2
t
zq2 q
vv ==  2.16 
where, tq is the thickness of the TSM sensor and Aq is the area of the quartz plate. Practically, Aq 
is the area covered by the electrodes on each surface of the quartz plate. 
According to Gauss’s law, the current at the electrical port, I3, is linearly proportional to 
the electric displacement field inside the quartz plate, Dq, as given in Eq. 2.17. 
qq3 DAjI ⋅⋅ω=  2.17 
Therefore, the acoustic impedance at port 1 and port 2 can be defined as 
2
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2
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1
1
q
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v
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2
t
zq
2
t
zqq
2
2
2
q
q
v
TA
v
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=
=⋅
−=−=  2.19 
And the electrical impedance at port 3 can be defined as 
3
3
3 I
VZ =  2.20 
The relations between these parameters at three ports determine the characteristic of the 
TSM sensor. By considering the constitutive equation of the TSM sensor and the boundary 
conditions, the relations can be found as Eq. 2.21. Detailed procedures to derive the equation are 
provided in Appendix 5. 
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where, ω and βq are the angular frequency and wave number of the acoustic wave inside the TSM 
sensor, respectively; Zq is the acoustic impedance of the quartz plate; C0 is the static capacitance 
of the TSM sensor;  h T is the transmitting constant. These parameters are defined as 
q
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In the above equations, ρq and eq are the mass density and the piezoelectric stress 
constant of the quartz plate, respectively. εqS is the permittivity of the quartz plate when the strain, 
S, is zero or constant. cqD is the elastic constant of the quartz plate when the electric displacement 
field, D, is zero or constant. Another form of the elastic constant is cqE when the electric field, E, 
is zero or constant. These two elastic constants are linked by the piezoelectric coupling constant, 
Kq2, by the following equations. 
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By applying algebra operations to Eq. 2.21, the electrical impedance at port 3, defined in 
Eq. 2.20, can be related to the mechanical impedance at the two acoustic ports, Z1 and Z2, by  
⎥⎥⎦
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where, 
2
q
2
q2
q
K1
K
'K +=
. 
Based on this three-port network representation of a TSM sensor, several theoretical 
models have been reported [21] [30] [32]. Here the two most widely used models, transmission 
line model and lumped element model, are discussed. 
 
2.3.2.1. Transmission Line Model 
Based on the three-port network model of a TSM sensor, a Transmission Line Model 
(TLM) can be derived from Eq. 2.21.  
First, the 3 × 3 matrix on the right side of Eq. 2.21 can be considered as the impedance 
matrix relating the velocity or current, v1, v2 and I3, to the force or voltage, F1, F2 and V3, at the 
three ports. The four parameters on the top left corner of the impedance matrix are defined in Eq. 
2.29 and Eq. 2.30. 
)tcot(ZjZZ qqq2211 ⋅β⋅⋅−==  2.29 
)tcsc(ZjZZ qqq2112 ⋅β⋅⋅−==  2.30 
Then, Eq. 2.21 can be rewritten as 
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The first term on the right hand side of Eq. 2.31 can be seen as a voltage generated by a 
current, v1, through the impedance, Z11 – Z22. Similarly, the second term can be seen as a voltage 
generated by a current, v1 + v2, through the impedance, Z12. The third term can be seen as a 
voltage proportional to the current, I3, seen at port 3. By analyzing all three equations Eq. 2.31, 
2.32 and 2.33, a TLM named Mason series equivalent circuit is constructed as in Figure 2.6 [40].  
 
 
 
 
Figure 2.6   Mason series equivalent circuit model 
 
 
This model deploys a transmission line representing the propagation of shear acoustic 
wave inside a TSM sensor and a transformer representing the electro-mechanical coupling 
between the acoustic ports 1, 2 and the electrical port 3. The turn ratio of the transformer, NT, is  
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When port 3 is open circuit or I3 = 0, the third terms in both Eqs. 2.31 and 2.32 equal to 
zero and this Mason equivalent circuit changes to a T–network equivalent of a coaxial 
transmission line with impedance of Zq. 
There are some variations of the Mason equivalent circuit model, such as Redwood 
equivalent circuit and KLM (Krimholtz, Leedom and Matthaei) model [21], etc. But all these 
models utilize a transmission line and a transformer simulating the interactions between the 
acoustic ports and the electrical port. 
TLM provides the most accurate representation of the interactions between the acoustic 
impedance of the loadings at ports 1, 2 and the electrical impedance at port 3. However, the TLM 
is complex and the simulation of the TLM within a large frequency spectrum is difficult. In 
practical applications, the simulation of a TSM sensor is mostly interested in the operation at its 
resonant frequency or within a small vicinity of its resonant frequency because a TSM sensor is 
usually used as a resonator in various applications. And it is always the electrical parameters at 
port 3 (such as impedance, scattering parameters, etc.) that are measured to retrieve the properties 
of the acoustic loadings. Therefore, it is necessary to have a simplified model for easier 
simulation and data retrieving at the frequencies close to the resonant frequency of a TSM sensor.  
 
2.3.2.2. Lumped Element Model 
A Lumped Element Model (LEM) of can be created by analyzing the Mason series 
equivalent circuit model in Figure 2.6 and the electrical impedance at port 3 given in Eq. 2.28. 
Based on the LEM of an unloaded TSM sensor, models for different types of loadings on a TSM 
sensor have been reported. 
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A. LEM for an Unloaded TSM Sensor 
For an unloaded TSM sensor, both top and bottom sensor surfaces are stress free, Tm1 = 
Tm2 = 0. The mechanical forces at port 1 and 2 become zero, F1 = F2 = 0, based on Eq. 2.13 and 
Eq. 2.14. Similarly, the acoustic impedance at port 1 and port 2 are also found to be zero, Z1 = Z2 
= 0, from Eq. 2.18 and Eq. 2.19. Therefore, the Mason equivalent circuit in Figure 2.6 can be 
simplified for an unloaded TSM sensor, as shown in Figure 2.7. 
 
 
 
 
Figure 2.7   Mason series equivalent circuit for an unloaded TSM sensor 
 
 
 
Then the electrical impedance at port 3, Z3, for an unloaded TSM sensor becomes 
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where, ZCo is the impedance of the static capacitance C0 given in Eq. 2.24; Zmot is called the 
impedance of a motion arm. The expressions of the two impedance are given by 
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This means that the electric impedance of an unloaded TSM sensor can be represented by 
two impedances in parallel, ZCo and Zmot. Since TSM sensors are mostly operated as a resonator, 
it is common that the frequency of an electric signal or mechanical stress applied to a TSM sensor 
is close to its resonant frequency. With proper assumptions and algebra operations that are 
detailed in Appendix 5, the impedance Zmot can be approximated by the total impedance of a 
series LCR resonator shown in Eq. 2.38. 
1
1
1mot RCj
1LjZ +⋅ω+⋅ω=  2.38 
This LCR resonator includes an inductor L1, a capacitor C1 and a resistor R1. The 
expressions of these lumped elements can be related to the mechanical, dielectric and 
piezoelectric properties of the TSM sensor by Eqs. 2.39 – 2.41.  
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where, µq is viscosity of the quartz plate; N is the order of harmonic frequency, N = 1, 3, 5… ; ωN 
is the Nth harmonic frequency. 
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Therefore, a lumped element model for an unloaded TSM sensor, called Butterworth-Van 
Dyke (BVD) model, is constructed and shown in Figure 2.8 [40].  
 
 
 
 
Figure 2.8   A lumped element model of an unloaded TSM sensor 
 
 
 
This LEM consists of a series LCR electric resonator and a capacitor in parallel. The 
LCR electric resonator is usually called the motion arm of a TSM sensor because it represents the 
resonance of a TSM sensor and the response of the TSM sensor to an external electrical or 
mechanical signal mostly happens here. The total impedance of the LCR resonator and the 
capacitor C0 is equivalent to the electrical impedance Z3.  
 
B. LEM for a TSM Sensor Loaded with a Solid Thin Film 
 Different types of loadings on a TSM sensor (i.e. a solid thin film, a liquid or a 
combination of both) have different effects on the electrical impedance of the sensor and result in 
an individual form of LEM for each type of loads. 
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For a TSM sensor loaded with a solid thin film, a modified LEM is shown in Figure 2.9 
a). It has an extra inductor L2 in series with the motion arm [29]. This added inductor represents 
the added mass of the thin film. When the mass of the thin film is within 3% of the mass of the 
TSM sensor, the change in the resonant frequency of the TSM sensor is linearly proportional to 
the added mass, as given in Eq. 2.11. 
 
 
 
 
Figure 2.9   Lumped element models of a TSM sensor with different loadings 
 
 
 
C. LEM for a TSM Sensor Loaded with a Liquid  
When a liquid is loaded on a TSM sensor, the LEM is changed to Figure 2.9 b), which 
has an inductor L2 and a resistor R2 in series to simulate the effect of the liquid loading [30]. This 
is caused by the added mass of the liquid and the dissipation of acoustic energy due to the 
viscosity of the liquid. 
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D. LEM for a TSM Sensor Simultaneously Loaded with a Solid Thin Film and a Liquid 
When a TSM sensor is simultaneously loaded with a thin film and a liquid above the 
film, the LEM changes to a modified form shown in Figure 2.10 [37]. It can be considered as the 
combination of Figure 2.7 a) and b). 
 
 
 
 
  Figure 2.10   Lumped element models of a TSM sensor with a thin film and a liquid 
 
 
 
E. LEM for a TSM Sensor Loaded with a Solid Microparticle 
The interest of this thesis is the interaction of a single particle with a surface. The load of 
a particle is no longer uniformly distributed on the sensor surface as the solid thin film and/or 
liquid load discussed above. Very limited models are available for particle-surface interaction. 
One of them is shown in Figure 2.11 [38].  
 
 
 
Thin film
Motion arm
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Figure 2.11   A mechanical model for the interaction of a particle with a TSM sensor 
 
 
   This is a mechanical model that uses a mechanical resonator, a mass M and a spring K, 
representing a TSM sensor. A smaller mass m represents the loaded particle and is coupled with 
the mass M (TSM sensor) through a spring k, which represents the interfacial interaction between 
the particle and the TSM sensor. 
Although this mechanical model is helpful to understand the interaction between a 
particle and a TSM sensor, it does not consider the energy loss in the resonance of the TSM 
sensor and the coupling between the particle and the sensor. It is not easy for simulation and 
cannot take advantage of the available circuit simulation software, such as PSpice, OrCAD and 
ADS. Therefore, there is a need for an accurate lumped element model for the interaction of a 
single particle with a TSM sensor.  
 
 
2.4. Summary 
The choice of the AT-cut quartz crystal as the piezoelectric material for TSM sensors 
used in this thesis work is explained. Previous studies on TSM sensors with different loadings are 
reviewed. The Transmission Line Model and the Lumped Element Model of a TSM sensor are 
briefly described. There is a need for a model to simulate the interaction of a single particle with a 
TSM sensor. 
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3. INTERFACIAL FORCES 
 
 
3.1. Interfacial Forces between a Microparticle and a Surface 
There are different types of interfacial forces between a microparticle and a surface. The 
interaction of the particle with the surface is the results of all these forces. Each of the forces may 
depend on different parameters, such as particle size, surface roughness, humidity or temperature, 
etc. In a specific particle-surface interaction, the influence of each force may change significantly.  
It is very difficult to differentiate one force from others. In most applications, the focus is on the 
overall effect of all the forces. 
The goal of this chapter is to analyze the interaction focuses between a particle and a 
surface and create a model to represent the overall effect of all forces. First, it is necessary to 
identify the various forces existing between a microparticle and a surface. Then, a model is 
created based on the analysis of the dominant forces. 
 
3.1.1. Different Types of Interaction Forces 
All types of forces between two objects can be classified into four fundamental 
interactions: strong interaction, weak interaction, electromagnetic force and gravitational force 
[41]. The force magnitudes and acting ranges of the fundamental interactions differ tremendously 
and the dominant interaction between two objects changes with the distance between them (see 
Appendix 3).   
The strong interaction usually happens inside the nucleus of an atom and is responsible 
for holding nucleons together. The effective acting range of the strong interaction is on the order 
of 10-15 m, about the diameter of an atomic nucleus.  
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The weak interaction is responsible for the weak delay of particles, such as beta decay. Its 
force magnitude is 1013 times less than a strong interaction and its effective acting range is on the 
order of 10-18 m. 
The gravitational force refers to the attractive force between any two objects. It has an 
infinite acting range although its magnitude is much smaller than the strong or weak interaction. 
For the objects with large masses, such as planets that are millions or billions of kilometers away, 
their motions are mostly determined by the gravitational forces.  
The electromagnetic force is the force that electromagnetic fields exert on an electrically 
charged particle. It is responsible for determining the physical, chemical, mechanical and 
electrical properties of a matter.  
Both the strong and weak interactions have their effective force acting ranges within 
atomic nuclei. They are responsible for the activities at subatomic level. While the gravitational 
and electromagnetic forces have an infinite acting range. The combination of them determines 
almost all the phenomena and activities happening in the macro and micro world. Appendix 3 
gives more information about the four fundamental interactions. 
In the study of the interfacial interaction of a microparticle with a surface, the separation 
between the particle and the surface is usually in the range of 10-10 ~ 10-6 m. The strong and weak 
interactions are extremely weak in this region. The gravitational force and electromagnetic forces 
are playing the dominant roles in the particle-surface interaction. Therefore, only electromagnetic 
force and gravitational force are considered here and a summary of the interaction forces is 
shown in Figure 3.1. 
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Figure 3.1   Summary of interaction forces between two objects 
 
 
 
3.1.2. Interfacial Forces between a Particle and a Surface 
When a particle is placed on a surface, the particle and the surface are said to be “in 
contact”. Figure 3.2 a) shows a schematic diagram in which a solid particle with diameter dp is 
placed on the surface of a solid substrate.  
 
 
 
 
Figure 3.2   A solid particle “in contact” with a substrate 
(dp : particle diameter;  h : particle-surface separation) 
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Although the particle is said to be “in contact” with the surface, there is always a very 
small distance between the outmost atoms of the particle and the surface, as shown in Figure 3.2 
b). This distance, h, can be affected by the physical, chemical, mechanical and electromagnetic 
properties of the particle and the substrate (i.e. stiffness, elasticity, surface roughness, dielectric 
constant, surface charges or induced surface charges, etc.). The conditions of the surrounding 
environments (i.e. humidity, temperature, etc.) and contaminations also play a role in determining 
the distance between the particle and the surface [42]. Usually, this distance, h, is on the order of 
0.2 ~ 100 nm and can significantly change the magnitude of various interfacial forces between the 
particle and surface [43] [44]. 
There are various interaction forces acting upon a particle and a surface when they are in 
contact. The properties of the particle and the surface can significantly change the strength of the 
forces. At different ambient conditions, the dominant interaction forces may also vary. Here, 
some of the most important interaction forces between a particle and a surface in contact are 
discussed [1]. 
 
3.1.2.1. Gravitational Force   
Gravitational force always exists between any two matters with non-zero masses. Eq. 3.1 
describes the gravitational force between two masses, m1 and m2, at a distance of r. G is the 
gravitational constant and is around 6.673×10-11 N⋅m2/kg2. 
2
21
g
r
mmGF ⋅⋅=   3.1 
The most important force in the macro world is the gravitational force.  For a mass on the 
earth, this force can be simplified as Eq. 3.2 by considering the distance r as the radius of the 
earth, around 6373 km, and the mass of the earth, 5.97×1024 kg.  
gmFg ⋅=   3.2 
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where, m is the mass of an object and g is the gravitational acceleration rate, normally at 9.8 m/s2. 
For a situation that a particle is placed on a surface and both of them are on the earth, 
there are three gravitational forces among the particle, surface and the earth, a force between the 
particle and the earth, a force between the surface and the earth, and a force between the particle 
and the surface. When studying the interaction between a particle and a surface, the gravity force 
exerted on the particle is the dominant one. Assuming that a particle is spherical, the relation 
between its mass and its diameter is 
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where, mp, dp and ρp are the mass, diameter and mass density of the particle, respectively. 
 Figure 3.3 shows the relation between the gravity force of a particle and its diameter for 
three different materials, gold, stainless steel and polystyrene. 
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Figure 3.3 Relation between gravity force and particle diameter for gold, stainless steel and 
polystyrene materials 
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3.1.2.2. Van der Waals (VDW) Force  
Van der Waals force refers to all the intermolecular forces. These electromagnetic forces 
come from three sources: atom-atom interactions, dipole-dipole interactions, dipole-induced 
dipole interactions. 
Van der Waals force, Fvdw(h), and Van der Waals free energy, Wvdw(h), for a solid particle 
in contact with a surface can be described by Eqs. 3.4 and 3.5, respectively [41]. 
2
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h12
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h12
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)h(W pHvdw ⋅
⋅−=  3.5 
where,  h is the distance between the particle and the sensor surface; AH is Hamaker constant with 
a value about (0.4 ~ 4)×10 -19 J; dp is the diameter of a spherical particle.  
The Hamaker constant is a very important parameter [45]. It describes the strength of the 
interactions between atoms and depends on material properties. For two objects made of same 
material (No. 1), the Hamaker constant can be called A11. For two objects made of different 
materials (No. 1 and No. 2) in vacuum, the Hamaker constant is 
2211
2211
2211
12 AA AA
AA2A ⋅≈+
⋅=  3.6 
where, A22 is the Hamaker constant of the material No. 2.  
If the two materials are not placed in vacuum and a third medium (No. 3) exists between 
them, the Hamaker constant changes to 
)AA()AA(AAAAA 3322331123133312132 −⋅−≈−−+=  3.7 
The VDW force between a solid particle and a surface depends on the diameter of the 
particle dp and the particle-surface distance h. The relation between the VDW force and the 
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particle diameter at different particle-surface distance is calculated by using Eq. 3.5 and a plot of 
the relation is shown in Figure 3.4. The VDW force between a micro or nano particle and a 
surface is usually in the range of 0.1 – 1000 nN.  
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Figure 3.4  Relationship between the VDW force and particle diameter at different particle-
surface distances (h = 0.2, 1 and 5 nm) 
 
 
 
The particle-surface distance, h, strongly affects the VDW force.  This distance is mainly 
determined by the shape of a particle, surface roughness and stiffness of a particle and surface. In 
our experiments, stainless steel and nickel spheres with sizes in the range of 1 – 100 µm are 
deployed. The distances are within 0.1 – 100 nm.  The calculated VDW force using these 
parameters is shown in Figure 3.5. 
h = 0.2 
h = 1 nm
h = 5 nm
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Figure 3.5   Relation between the VDW force and particle-surface distance for different particle 
diameters (dp = 1, 10 and 100 µm) 
 
 
 
It is shown that the VDW force has a strong dependence on the particle diameter as weel 
as the distance between the particle and the surface. 
 
3.1.2.3. Capillary force 
Capillary force is due to the surface tension when there is a thin liquid film existing 
between a particle and a surface [46]. It is strongly dependent on the relative humidity, 
temperature, materials and surface conditions of the particle and surface. It had been reported that 
capillary forces may change five times when relative humidity is changed from 10% to 80%. In 
this thesis study, the interest is focused on the influence of particle sizes and masses on an 
interfacial interaction. Relative humidity was maintained around 57%, so the changes in the 
magnitude of the capillary force are relatively small and can be neglected. 
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3.1.2.4. Electrostatic Forces 
Electrostatic force is the force between static electric charges. When a particle with radius 
R and has an electric potential V relative to a grounded surface, the electrostatic force between 
the particle and the surface is given by  
 
]Rh)[4(R
h)8R(R-
)hR(2
1VR2F 2222
22
0el ⎥⎦
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⎡
−+
+
+πε≈  3.8 
where, h is the distance between the particle and the surface. 
 For a particle with diameter of 10 µm and an electric potential of 1 volt relative to a 
grounded surface, the electrostatic force is on the order of 10-11 N (assuming h is 0.2 nm) and 
much smaller than the Van der Waals force between the particle and the surface, which is on the 
order of 10-8 N. Therefore, the electrostatic force is neglected in the discussion of the interactions 
between a microparticle and a surface. 
 
3.1.2.5. Friction Force 
Friction force resists the motion of one object in contact with another object because of 
atomic/molecular attraction or adhesion, surface roughness and deformation. The static friction 
force, Ffri, is linearly proportional to the force normal to the surface, Fnormal, with a constant 
friction coefficient, µf. 
normalffri FF ⋅µ=  3.9 
The friction force is in the direction parallel to the surface. It prevents the motion of 
particles on the surface (rolling, sliding, etc.). The interaction forces that determine the adsorption 
and removing of particle on a surface are mostly normal to the surface. Hence, when considering 
the placing and picking up of a microparticle, the friction force does not play an important role. 
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3.1.2.6. Other forces 
Other interaction forces may exert on a particle but strongly depends on the ambient 
environment, such as electrodynamic force, magnetic force, drag force due to air flow, etc. Under 
controlled conditions (such as proper grounding and discharging of the particle and the surface to 
minimize the electrostatic and electrodynamic force, proper processing of particles and surface to 
decrease surface roughness, controlled humidity to evaluate the effect of capillary force, etc.), the 
study may be focused on the Van der Waals force between a solid particle and a surface. 
 
3.1.2.7. Comparisons of Interfacial Forces 
A comparison between gravity force and Van der Waals force is shown in Figure 3.6. 
 
 
 
 
Figure 3.6   Comparison between Van der Waals force and gravity force 
 
 
 
By comparing the VDW force between a particle and a surface with the gravity force of a 
particle, it is shown in Figure 3.6 that the VDW force becomes several orders greater than the 
gravity force for a microparticle or a nanoparticle. For example, the VDW force between a 
Gravity force
VDW force
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stainless steel particle of 1 µm diameter and a surface is over 10-7 N, 106 times larger than the 
gravity force of the particle, which is less than 10-13 N. Therefore, when studying the interaction 
of a microparticle with a surface, the VDW force is more important. 
 
 
3.2. Modeling of the Interaction between a Microparticle and a Surface 
The interaction between a microparticle and a surface depends on the interfacial forces 
acting upon them. For the simulation of this interaction, there is a need of a simply model to 
evaluate the overall effect of all the interfacial forces. 
 
3.2.1. A Mechanical Model for the Particle-Surface Interaction 
of the This interaction can be modeled as a combination of a spring, kp, and a dashpot, rp, 
in parallel, as shown in Figure 3.7. 
 
 
 
 
Figure 3.7   A mechanical model for the interaction of a particle with a surface 
 
 
 
 The spring, kp, represents a linear force constant between the particle and the surface on 
the first order approximation, while the dashpot, rp, represents the energy loss during the energy 
transfer between the two objects. 
 
Spring, kp
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3.2.2. Interfacial Coupling Coefficient between a Particle and a Surface 
The coupling coefficient, kp, represents the coupling strength of the interaction between a 
solid particle and a TSM sensor [39]. By knowing the Van der Waals force, Fvdw (d), the coupling 
coefficient, kp, can be estimated by 
3
vdw
p 6h 
)(F k
h
dA p
⋅
⋅=∂
∂−=  3.10 
The coupling coefficient, kp, is linearly proportional to the diameter of a particle but 
inversely proportional to the cubic of the distance, h, between a particle and the surface of a TSM 
sensor. Figure 3.8 shows the dependence of the coupling strength, kp, with the diameter, dp, of the 
particle. 
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Figure 3.8   Relation between interfacial coupling coefficient kp and diameter of a solid particle at 
different distance, h, between the particle and the surface 
 
 
 
For a particle of 1 µm diameter in contact (h = 0.2 nm) with a surface, the coupling 
strength, kp, is about 103 N/m, which is comparable with the data from the reference [38]. 
h
h
h
h = 0.2 nm 
h =   1 nm 
h = 10 nm 
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By obtaining the values of Van der Waals force or the coupling coefficient from the TSM 
sensor measurements, the diameter, or the mass if given the type of the material, of the micro-
particle can be determined. This makes TSM sensor a potential nano-particle monitor in the 
research and manufacture of nano scale mechanical and micro-electro-mechanical (MEM) 
devices. 
 
 
3.3. Summary 
In this chapter, different types of interaction forces between a microparticle and a surface 
are discussed and the effect of each force on the interfacial interactions is evaluated. After 
analyzing the interfacial forces, a mechanical model is presented for the interaction between a 
particle and a surface. A parameter, called interfacial coupling coefficient, is defined to 
characterize the overall effect of various forces between a particle and a surface. By combining 
the model for the interaction of a particle with a surface and the model of a TSM sensor, a 
complete model is obtained for analyzing the particle-surface interaction using a TSM sensor. 
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4. THEORY 
 
 
4.1. Characteristics of an Unloaded TSM Sensor 
A TSM sensor utilizes the converse piezoelectric effect to generate shear mechanical 
deformations under an applied electric signal. A load on the sensor surface can change the 
characteristics of the TSM sensor. By measuring the electrical parameters, such as scattering 
parameters and electrical impedance, the mechanical and dielectric properties of the load can be 
retrieved with the help of theoretical modeling. 
A typical TSM sensor is made of AT-cut quartz crystal and usually in the shape of a thin 
plate. The quartz plate is coated with two gold electrodes on the opposite surfaces. Figure 4.1 
shows the tope view (left) and the side view (right) of a typical TSM sensor, where dq is the 
diameter of the circular electrodes and tq is the thickness of the quartz plate. 
 
 
 
 
Figure 4.1   A schematic diagram of a typical TSM sensor 
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To understand the propagation of acoustic waves inside the TSM sensor, the equation of 
motion of the sensor and the wave equation are first established for a TSM sensor (quartz plate) 
with assigned coordinates shown in Figure 4.2.  
 
 
 
 
Figure 4.2   Shear waves propagating inside and outside a TSM sensor  
 
 
 
Assuming that the quartz plate has a thickness of tq and a cross-section area of Aq and the 
stress applied to the plate is Tq. The net translational force, Ftrans, applied to the quartz plate is 
qq
q At
z 
T ⋅⋅∂
∂
 for a small value of tq. According to Newton’s second law,  
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Then, the equation of motion of the quartz plate is obtained as 
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q
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 (z)u
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∂
∂⋅ρ=∂
∂
 4.2 
where, mq is the mass of the quartz plate, ρq is the mass density of the quartz plate and uq(z) is the 
displacement of a mass point within the plate.  
z
x 
Quartz crystal 
Thickness, tq 
Stress, Tq 
ρq, cq
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Combined with the equation of conservation of mass, 
z 
  v
t 
S qq
∂
∂=∂
∂
, the wave equation 
of the acoustic wave in the TSM sensor is given by Eq. 4.3. 
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 4.3 
The solution of the stress of Eq. 4.3 is in the form of  
zi
qB
zi
qFq
qq eTeTT ββ− ⋅+⋅=  4.4 
And the displacement of any mass element within the TSM sensor is given by 
zi
qB
zi
qFq
qq eueuu ββ− ⋅+⋅=  4.5 
where, TqF and TqB are the magnitudes of the stress of the forward and backward acoustic waves, 
respectively. TqF and TqB are the magnitudes of the displacement of the forward and backward 
acoustic waves, respectively. The wave number, βq, is determined by 
 
q
qq
q cv
ρ
ω=ω=β  4.6 
When an AC signal is applied to the two opposite electrodes, acoustic waves are 
generated inside the quartz crystal due to the piezoelectric effect. By varying the frequency of the 
exciting signal, the quartz plate can exhibit different modes of deformation. The maximum 
magnitude of the shear displacement of the quartz plate happens when the frequency of the 
exciting signal is the same as the resonant frequency of the thickness shear mode. In thickness 
shear mode, acoustic waves inside the quartz crystal form a standing wave with a wavelength, λn 
, and a resonant frequency, fn , is given by Eq. 4.7 and Eq. 4.8. 
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where, tq is the thickness of the quartz crystal plate; vq is the speed of shear acoustic wave in 
quartz crystal; cq is the elastic constant of the quartz crystal; ρq is the mass density of the quartz 
crystal; n is an odd nature number (i.e. n = 1, 3, 5, 7 ……). 
The most accurate model for a TSM sensor is the Transmission-line model (TLM) that 
uses a three-port network to represent a TSM sensor, as shown in Figure 4.3 [47].  
 
 
 
 
Figure 4.3   A Transmission Line Model of a TSM sensor 
 
 
 
The two acoustic ports represent the mechanical actuation/response at the two opposite 
surfaces of the TSM sensor. The transmission line between the two acoustic ports represents the 
phase shift and energy loss experienced by the acoustic waves propagating within the TSM 
sensor. The length of the transmission line equals to the thickness of the quartz crystal plate. A 
transformer with a ratio of 1:N is connected to the center of the transmission line. This 
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transformer represents the electromechanical coupling between the acoustic port and the electric 
port, linking the mechanical displacement at AB with the electric signal applied at CD. C0 is the 
static capacitance of the TSM sensor and X is the reactance of the piezoelectric interaction. The 
electrical impedance seen at the electric port, ZCD, is related to the mechanical impedance, ZAB, as 
AB20
CD Z
N
1Xj
Cj
1Z ⋅+⋅+ω=  4.9 
Through further analysis of the TLM, the electrical impedance can be written as [48] 
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where, K2 is the electromechanical coupling factor, Фq is the phase shift across the TSM sensor, 
ZL is the impedance of the loading applied to the TSM sensor, Zq is the mechanical impedance of 
the quartz plate and is given by 
qqq cZ ⋅ρ=  4.11 
where, ρq is the mass density and cq is the shear elastic constant of the quartz plate. 
Another important tool to characterize a TSM sensor is using a Lumped Element Model 
shown in Figure 4.4. This model is simplified from the TLM (more details given in Appendix 5). 
 
 
Figure 4.4   A lumped element model of an unloaded TSM sensor 
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This lumped element model of an unloaded TSM sensor includes a lossy LCR resonator 
(inductor L1, capacitor C1 and resistor R1) and a capacitor C0 in parallel. The LCR resonator is 
usually called motion arm. The total impedance of an unloaded TSM sensor is given as Eq. 4.12. 
0
0
Cmot
Cmot
total ZZ
ZZ
Z +
⋅=  4.12 
where, Zmot is the impedance of the motion arm and ZCo is the impedance of the capacitor C0.   
1
1
1mot RCj
1LjZ +ω+ω=  4.13 
0
C Cj
1Z
0 ω=  4.14 
The values of the electric parameters are determined by the characteristic of the TSM 
sensor. The values of the four electrical parameters, L1, C1, R1 and C0, can be obtained by using 
the equations in Chapter 2. 
The responses of a TSM sensor to external loads are usually reflected in the changes of 
the motion arm. Therefore, the modeling of a TSM sensor with different loadings is mostly 
focused on an appropriate addition to the motion arm. A mechanical model can be constructed to 
simulate the operation of the motion arm, as shown in Figure 4.5 [49]. 
 
 
 
 
Figure 4.5   A mechanical model of an unloaded TSM sensor (motion arm) 
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By combining this electrical or mechanical model of an unladed TSM sensor and the 
model for the interaction of a particle with a surface discussed in Chapter 3, a complete model for 
studying the particle-surface interaction using a TSM sensor can be obtained. 
 
 
4.2. A Mechanical Model of the Interaction between a Particle and a TSM Sensor 
Previous studies have provided various models for a TSM sensor loaded with a solid thin 
film, a liquid or a combination of thin film and liquid [28] [30] [37]. There is an increasing 
demand for a tool to study particle-surface interaction and a way to characterize the interaction 
forces. This thesis work provides a cost effective technique for the in-situ characterization of the 
particle-surface interactions, which can be viewed as two coupled mechanical resonators. A 
mechanical model of the interaction between a solid particle and a TSM sensor is described in 
Figure 4.6 [49].  
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Figure 4.6   A mechanical model for the interaction of a particle with a TSM sensor  
 
 
 
The TSM sensor is represented by a mechanical resonator consisting of a rigid mass Ms, 
and a spring Ks and a dashpot Rs. The particle is modeled as a rigid mass, mp, and the interaction 
between the particle and the TSM sensor is represented by a spring kp, and a dashpot rp. 
represents. The mass Ms is driven by a force F = Fo*sin(ωt) with a force amplitude Fo and a 
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frequency ω. To characterize the performance of the two couple resonators, equations of motion 
of the system are first created. 
 
4.2.1. Equations of Motion 
The equations of motion based on the mechanical model can be written as Eq. 4.15 and 
Eq. 4.16. 
)tsin(Fo)xx(kxK)xx(rxRxM sppsssppssss ω⋅=−⋅−⋅+−⋅−⋅+⋅ &&&&&       4.15 
0 )xx(k)xx(rxm sppspppp =−⋅+−⋅+⋅ &&&&         4.16 
where,  xs and xp are the displacements of the TSM sensor surface and the coupled particle, 
respectively; Rs is the damping factor in the operation of the TSM sensor; rp is the damping factor 
during the coupling between the TSM sensor and the particle. 
There are two loss factors, Rs and rp in the equations of motion. The solutions are 
complex and hard for evaluating the influence of each component on the system operation. Some 
simplifications are necessary. 
First, an unloaded TSM sensor has a very high quality factor and very low energy 
dissipation during its operation. The loss factor, Rs, does not affect the resonant frequency of the 
unloaded TSM. It only causes a little energy loss during the propagation of shear acoustic wave 
inside the TSM sensor. Neglecting Rs in the analysis only results in a small error in the 
magnitudes of the displacements. 
Second, the coupling between a solid particle and a solid surface is very weak compared 
with the much strong coupling between a thin film or liquid and a surface. When the interest is in 
the resonant frequency of the coupled system, this loss factor, rp, is also negligible. 
To get a preliminary outlook of the interaction between a particle and a TSM sensor, a 
lossless condition is studied first. 
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4.2.2. Lossless Condition 
With the assumption of lossless conditions, Rs = rp = 0, the equations of motion in Eqs. 
4.15 and 4.16 are simplified as 
)tsin(Fo)xx(kxKxM sppssss ω⋅=−⋅−⋅+⋅ &&     4.17  
0 )xx(kxm spppp =−⋅+⋅ &&  4.18 
It is easy to assume the solutions to the equations are in the forms of xs = As·sin(ω⋅t) and 
xp = Bp·sin(ω⋅t). Substitute xs and xp into the above equations and obtain  
Fo)AB(kAKAM sppsss
2
s =−⋅−⋅+⋅ω⋅−               4.19 
0)AB(kBm sppp
2
p =−⋅+⋅ω⋅−   4.20 
Resort the above two equations and get 
FoBkA)MkK( pps
2
sps =⋅−⋅ω⋅−+    4.21 
0B)mk(Ak p
2
ppsp =⋅ω⋅−+⋅−  4.22 
The resonant frequency of the mechanical resonator, simulating an unloaded TSM sensor, 
can be written as Eq. 4.23. 
s
s
s M
K=ω  4.23 
And the resonant frequency of another resonator, the particle-surface interaction, can be 
written as Eq. 4.24. 
p
p
p m
k=ω  4.24 
Then, Eqs. 4.21 and 4.22 can be written in the form of 
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To obtain nontrivial solutions to this equation, the determinant of the 2×2 coefficient 
matrix on the left hand side must be zero.  
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By solving this equation, the resonant frequency of the coupling system, ωc, can be 
obtained as 
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It shows that the resonant frequency of the coupling system, under lossless condition, 
depends on the mass of the TSM sensor Ms, the mass of the loaded particle mp, the spring 
constant Ks and the spring constant for coupling kp. With the knowledge of the features of a TSM 
sensor, Ms and Ks, and the mass mp of the loaded particle, it is possible to find the interfacial 
coupling coefficient, kp, by measuring the resonant frequency, ωc, of the coupling system.  
This interfacial coupling coefficient includes the influence of all types of interaction 
forces between a particle and a surface. It provides an easy way to evaluate a particle-surface 
interaction by only looking at one parameter.  
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4.2.2.1. Interfacial Coupling Coefficient 
For the interaction of a given TSM sensor and particle, the interfacial coupling coefficient 
is the most important parameter that affect the resonant frequency of the coupling system, ωc. 
Some special cases are discussed her to help understand the importance of this parameter. 
 
A. Ks, Ms and mp are constants, kp is a variable 
For a given TSM sensor, its mass Ms and the spring Ks are constants. The resonant 
frequency of this TSM sensor determined by Eq. 4.23 becomes a constant. If the mass of the 
loaded particle, mp, is known, the resonant frequency of the coupling system shown in Figure 4.6 
only depends on the interfacial coupling coefficient kp.  
Figure 4.7 shows the relation between the resonant frequency of the coupling system (fc1 
and fc2 are calculated by Eq. 4.27) and the interfacial coupling coefficient for a specific condition: 
a TSM sensor (with Ks = 1011 N/m, Ms = 10-4 kg, fs = 5.033 MHz) loaded with a 10 um stainless 
steel sphere (mp = 4×10-12 kg).  
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Figure 4.7   Resonant frequencies of the coupling system, fc, vs. coupling constant kp 
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A better understanding of the effect of a particle on a TSM sensor can be obtained by 
looking at the frequency shift, ∆f, which is defined by the difference between the resonant 
frequencies of a coupling system, fc, and that of an unloaded TSM sensor, fs.  
sc fff −=∆  4.28 
Figure 4.8 shows the relation between the frequency shift, ∆f, and the interfacial coupling 
coefficient, kp. It is noticed that the frequency shift is negative when kp is larger than a specific 
value kc. This is the case when a TSM sensor is loaded with a solid thin film [28] or a liquid [30] 
or a combination of a thin film and liquid [37]. In these cases the couplings between the loads and 
the TSM sensor are very strong. When kp is smaller than the specific value kc, a positive 
frequency shift is observed. This happens when a particle is loaded on a TSM sensor where the 
coupling is much weaker.  
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 Figure 4.8   Dependence of frequency shift on the interfacial coupling coefficient kp 
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The special value, kc, is defined as the critical coupling coefficient and determined by Eq. 
4.29. It corresponds to a special situation where the resonant frequency of the particle-surface 
coupling, fpc, equals to that of an unloaded TSM sensor, fs. 
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A solid microparticle has a mass on the order of 10-9 gram or less than. Its coupling with 
a surface in air is very weak and makes its interfacial coupling coefficient smaller than the critical 
value kc. This applies to the study in this thesis and is the reason that the frequency shift of a TSM 
sensor caused by a solid microparticle is positive. 
 
B. Critical coupling:  
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The critical coupling is very important and more effort is put on this special case. By 
defining a mass ratio, 
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becomes 
 2
c
s
s
c
2
2
s
2
c )(or          4
)
2
1( ω
ω−ω
ω=µ⎥⎥⎦
⎤
⎢⎢⎣
⎡ µ+µ±µ+⋅ω=ω   4.30 
Figure 4.9 shows the dependence of the frequency shift on the mass ratio, µ, at the critical 
coupling. The result is obtained for a 5 MHz TSM sensor. With an increasing mass ratio, the 
frequency shift also increases.  
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Figure 4.9   Dependence of frequency shift on the mass ratio µ 
 
 
It has already been shown by Figure 4.8 that the maximum frequency shift caused by a 
particle loading happens at the critical coupling. Therefore, the results given in Figure 4.9 
determine the maximum frequency shift that could be observed for a given particle with a mass 
ratio µ. The interfacial coupling coefficient, kp, between this particle and a TSM sensor is affected 
by many parameters, such as surface roughness, humidity, temperature, etc. Only when this kp is 
equal to the critical coupling coefficient kc defined in Eq. 4.29, the maximum frequency shift can 
be reached. For any kp that is away from kc, the measured frequency shift will be smaller. 
 
4.2.2.2. Mass Sensitivity of a TSM Sensor 
The importance of the results in Figure 4.9 is that it provides a means of estimating the 
mass sensitivity of a TSM sensor. Given a TSM sensor with a resonant frequency of fs and a 
measuring system with a resolution ∆fmin in frequency measurements, the corresponding mass 
ratio µmin can be found as Eq. 4.31. 
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Since the mass Ms is known for a given TSM sensor, the minimum mass that can be 
detected by this TSM sensor is then determined by Eq. 4.32. 
sminmin Mm ⋅µ=   4.32 
An example is given here. Given a 5 MHz TSM sensor with a mass of 7×10-4 kg and a 
measuring system with a resolution of 0.5 Hz in frequency measurements, the mass ratio, µmin, is 
4×10-14 calculated from Eq. 4.31. The minimum detectable mass, mmin, is 2.8×10-17 kg, which is 
equivalent to the mass of a stainless steel sphere with diameter 0.19 µm. 
It needs to be noticed that Eq. 4.32 only gives the theoretical value of the minimum 
detectable mass of a TSM sensor. This theoretical detection limit can only be achieved when the 
interfacial coupling coefficient between a particle and a TSM sensor equals to the critical couple 
coefficient, kp = kc. When kp is away from kc, the actual detection limit of mass decreases 
exponentially.   
To understand the difficulty to detect a microparticle with a TSM sensor, the dependence 
of the normalized frequency on the particle diameter is shown in Figure 4.10. 
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Figure 4.10   Normalized resonant frequency ωc/ωs vs. particle diameter 
 
 
 
The resonant frequency of the coupling system ωc has little change from that of an 
unloaded TSM sensor when the sizes of the particles are sub-micron. This means that it is really a 
challenge to analyze the interaction of a sub-micron particle with a surface by using a 5 MHz 
TSM sensor. However, by using TSM sensors with higher fundamental resonant frequencies 
higher harmonic frequencies, particles with smaller sizes can be detected. The relation between 
the resonant frequency of a particle-surface coupling and the diameter of the particle are 
investigated below. This can give a guideline to choose a TSM sensor with the proper frequency 
for sensing a particle with a specific diameter. 
 
4.2.2.3. Frequency Ranges of TSM sensors for Analyzing Particle-Surface Interaction  
The relation between the resonant frequency of a particle-surface coupling, fp, and the 
diameter of the particle, dp, is given by Eq. 4.33 [50] and a plot of the relation is shown in Figure 
4.11.  
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where, AH is the Hamaker constant; h is the particle-surface separation; ρp is the mass density of 
the particle. 
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Figure 4.11   Resonance frequency of a coupling between a particle and a surface for different 
particle-surface distance h 
 
 
 
It can be seen that the resonant frequency of the particle-surface coupling, fp,  is inversely 
proportional to the particle diameter, dp. For a particle with a diameter between 1 µm and 100 
µm, the resonant frequency, fp, is approximately in the range of 1 MHz ~ 100 MHz (assuming the 
particle-surface separation h ≈ 0.2 nm).  
When fp is approaching the resonant frequency of an unloaded TSM sensor, fs, the two 
coupled mechanical resonators have the same resonant frequency, at which maximum 
displacement amplitudes and energy transfer occur. And the maximum frequency shift is 
achieved according to Figure 4.8. This suggests that a TSM sensor with a resonant frequency in 
h = 0.2 nmh = 1 nm
h = 10 nm
TSM sensors 
operating at 
1~100 MHz
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the range of 1 MHz ~ 100 MHz should be used for sensing a particle with a diameter of 1 um ~ 
100 um (with a mass of  10-11 ~ 10-5 g for gold sphere). This is the reason why 5 MHz and 10 
MHz TSM sensors are used in this study. 
 
4.2.2.4. Motion Amplitudes of the particle and the sensor  
The relation between the motion amplitude of the particle and the TSM sensor surface, Bp 
and As, can be derived from Eq. 4.34 as 
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By substituting this into Eq. 4.35, the displacements of the TSM sensor surface and the 
particle, As and Bp, are found as 
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where, ω is the frequency of the driving force. 
The amplitudes of the displacements vary with the frequency of the driving force. Since it 
is easy to change this frequency (equivalent to the frequency of the voltage applied to a TSM 
sensor), it is interesting to investigate the effect of the frequency of the driving force on the 
particle-surface interaction. Since the sensitivity of a TSM sensor to a particle loading is close to 
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maximum, it is not unusual to assume that the resonant frequency of the particle-surface coupling, 
ωp , equals to the resonant frequency of an unloaded TSM sensor, ωs, or 
s
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k ==ω=ω  4.37 
The maximum energy transfer between the particle and the driving TSM sensor happens 
at this condition and the displacement amplitudes of both the TSM sensor and the particle reach 
maximum values. Figure 4.12 and Figure 4.13 show the displacement amplitudes of the TSM 
sensor and a particle as a function of the frequency of the driving force, ω, respectively.  
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Figure 4.12   Amplitude of TSM sensor, As/(Fo/Ks), vs. ωs , (ωp=ωs) 
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Figure 4.13   Amplitude of particle, Bp/(Fo/Ks), vs. ωs (ωp=ωs)  
 
 
 
Both the amplitudes As and Bp are normalized to the static displacement of the sensor 
surface, Fo/Ks, caused by the shear driving force Fo as As/(Fo/Ks) and Bp/(Fo/Ks), respectively. At 
ω/ωs = 1, the displacement amplitudes of both the sensor and the particle become infinite because 
lossless conditions are considered here. When the loss facts, Rs and rp, are taken into account, the 
displacement amplitudes become finite. 
 
4.2.3. Lossy Conditions: 
In a realistic world, damping always exists in the interaction between a particle and a 
surface. Following a similar procedure as in the previous section, the displacement amplitude of 
the TSM sensor in a coupling system can be found as Eq. 4.38. 
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77 
 
It is easy to find the resonant frequency of the coupling system by setting the 
denominator of the term on the right hand side of Eq. 4.38 to be zero.  
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 4.39 
The solution to this equation is very complex and hard to obtain an analytical expression. 
With some assumptions, it can be simplified. 
 
4.2.3.1. Lossy TSM sensor (Rs ≠ 0) and lossless interfacial interaction (rp = 0) 
In this condition, a TSM sensor is considered as a real physical sensor with lossy factor, 
Rs. The coupling between the particle and the sensor is regarded as lossless, rp = 0. The 
displacement amplitude of the TSM sensor in Eq. 4.38, As is then simplified to  
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The motion amplitude of a TSM sensor, As, is not only a function of the frequency of the 
driving force, ωs, but also dependent on the value of R and ratio of ωs and ωp, as shown in Figure 
4.14. 
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Figure 4.14   Effect of frequency ratio, C = ωs2 / ωp2, on the amplitude 
 
 
 
It shows that the frequency response of the motion amplitude of the TSM sensor is very 
sensitive to the ratio of ωs and ωp, which represents how close the two frequencies are 
approaching to each other. 
 
4.2.3.2. Lossless TSM sensor (Rs = 0) and lossy interfacial interaction (rp ≠ 0) 
Since a TSM sensor usually has a high quality factor, on the order of 104 ~ 106, the lossy 
factor of a TSM sensor, Rs, is relative small. The characteristics of a bare TSM sensor can be 
measured and the value of Rs can be found. In this study, we care about the interfacial interaction. 
So an assumption of a lossless TSM sensor, Rs = 0, and a lossy interaction, rp ≠ 0, is more 
realistic. 
Figure 4.15 shows the influence of the lossy factor, rp, on the displacement amplitude of a 
5 MHz TSM sensor. When rp changes from 10-10 to 10-2, the amplitude increases sharply at the 
fundamental frequency of the sensor.  
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 Figure 4.15   Effect of lossy factor, rp, on the frequency response of the amplitude 
 
 
 
With a small coupling loss factor, i.e. rp = 10-10 N·s/m, the signature of the amplitude 
response has two maximum points while having a minimum value at the resonant frequency of 
the TSM sensor. When rp increases to 10-6 N·s/m, the amplitude reaches maximum at the resonant 
frequency of the TSM sensor. When rp reaches 10-2 N·s/m, the maximum value at the resonant 
frequency increases sharply. 
Figure 4.16 gives a clearer demonstration of the dependence of the amplitude on the lossy 
factor rp. For rp in the range of 10-10 – 10-3 N·s/m, the motion amplitude increases almost linearly, 
with a power of 0.95. The amplitude saturates at the maximum and minimum values when the 
lossy factor, rp, is greater than 10-3 and less than 10-10 N·s/m, respectively. 
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Figure 4.16   Relation between the motion amplitude and the lossy factor rp 
 
 
 
This indicates that the displacement amplitude has a well-defined relation with the lossy 
factor rp. By measuring the amplitude, the lossy factor, rp, can be determined. 
 
 
4.3. An Electrical Circuit for the Interaction between a TSM Sensor and a Particle 
An equivalent electrical circuit can be constructed based on the analysis of the 
mechanical mode. The transformation between a mechanical model and an electrical circuit can 
be achieved by following the rules in Table 4.1. An unloaded TSM sensor can be represented by a 
series LCR resonator and a static capacitor in parallel, as shown in Figure 2.8. The LCR 
resonator, called motion arm, is equivalent to a mechanical resonator in Figure 4.5. Then, a 
complete electrical circuit can be created by considering the coupling between the particle and the 
TSM sensor. 
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Table 4.1   Conversions between mechanical and electrical parameters 
 
 
 
 
In the mechanical model of the interaction between a TSM sensor and a particle, the 
particle-surface interaction is modeled by a spring and a dashpot in parallel. The spring and 
dashpot have the same displacement, xs – xp, and velocity. They are equivalent to a capacitor and 
a resistor in series, which have the same current. The displacement of the particle, xp, is the 
difference between those of the sensor, xs, and the interfacial spring/dashpot, xs – xp. This means 
that the corresponding current, Ip, through L2 (particle) is also the difference between the current 
of the sensor, Is, and that of the interfacial spring/dashpot, Is – Ip. Therefore, an equivalent 
electrical circuit for the interaction of a TSM sensor with a particle is created as in Figure 4.17. 
 
 
 
 
Figure 4.17   An equivalent electrical circuit for the interaction of a TSM sensor with a particle 
Mass: M 
Spring: K 
Dashpot: R 
Displacement: u
Velocity: v 
Force: f 
Inductor: L 
Capacitor: C 
Resistor: R 
Charge: Q 
Current: I 
Voltage: V 
Mechanical Model Electrical Model 
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Ip
Is - Ip
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When multiple microparticles are simultaneously loaded on a TSM sensor, each of them 
has an individual interaction with the sensor and there are also interactions among the particles. 
However, when the distances between the particles placed on the sensor surface are much larger 
than the particle diameters, the particle-particle interactions are much weaker than the particle-
surface interactions. In this study, multiple particles are considered only when they are placed 
away from each other and the interaction between a single particle and a TSM sensor is 
independent. An equivalent electrical circuit for the interactions of multiple particles with a TSM 
sensor is shown in Figure 4.18.  
 
 
 
Figure 4.18   An electrical circuit for the interactions of multiple particles with a TSM sensor 
 
 
 
More results from the simulations of TSM sensors based on the Lumped Element Model 
can be found in Appendix 6. It is shown that a particle loading on a TSM sensor causes an 
increase in the resonant frequency of the TSM sensor as well as a decrease in the magnitude of 
S21. For multiple particles loaded on a sensor, the frequency shift is linearly proportional to the 
number of the particles. This feature proves that TSM sensors are capable of detecting multiple 
particles. It makes TSM sensors suitable for applications in biomedical engineering, such as 
detecting cells or other biological objects. 
 
 
…… 
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4.4. Summary 
In this chapter, a mechanical model is developed for the interaction of a single particle 
with a TSM sensor. Theoretical analysis of the mechanical model is made to find the resonant 
frequency of a TSM sensor coupled with a spherical particle. The dependence of the resonant 
frequency on different parameters, such as the distance between the particle and the sensor 
surface, mass or diameter of the particle and the loss factors Rs and rp, has been analyzed. The 
minimum mass or diameter of a particle that can be detected by a TSM sensor is determined. The 
rule to choose a TSM sensor with an appropriate resonant frequency is built to approaching the 
maximum sensitivity of a TSM sensor for particles with specific diameters. 
A Lumped Element Model for the interaction of a TSM sensor with a particle is also 
developed. For multiple particles simultaneously loaded on a TSM sensor, a modified electrical 
circuit is created. Simulations of the Lumped Element Model are done for different numbers of 
particles. The values of the lumped elements in the electrical circuit are optimized to fit the 
measured results. It is demonstrated that the change in the resonant frequency is linearly 
proportional to the number of particles loaded on a TSM sensor. This proves that a TSM sensor is 
capable of detecting multiple particles. This feature makes a TSM sensor suitable in biomedical 
applications.  
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5. MEASUREMENT SYSTEMS 
 
 
5.1. A Measurement System for TSM Sensors 
A measurement system is developed to characterize the properties of a microparticle and 
its interfacial interaction with a surface using a TSM sensor. By measuring the electrical 
characteristics of a TSM sensor (i.e. impedance, scattering coefficients or reflection coefficients, 
etc.), the changes in these electrical parameters caused by the particle loadings on the sensor 
surface can be recorded. With the help of theoretical modeling, some important features of the 
particle and the interfacial interaction, such as the mass or diameter of the particle and the 
interfacial coupling coefficient, can be obtained. 
 
5.1.1. Structure of the Measuring System for TSM Sensors 
A complete measurement system includes electronic measurement unit, data recoding 
and processing unit, mechanical manipulation unit and optical imaging unit, as shown in the 
block diagram in Figure 5.1.  
 
 
 
 
Figure 5.1   A block diagram of a measurement system for TSM sensors 
Electronic 
Measurement 
Unit (EMU)
Mechanical 
Manipulation 
Unit (MMU)
Data Acquisition 
and Processing 
Unit (DAPU) 
Optical 
Imaging  
Unit (OIU) 
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The Electronic Measurement Unit (EMU) is the core of the system. The function of the 
EMU is to measure the electric characteristics of a TSM sensor. By measuring the electric 
performance of the TSM sensor before and after the sensor is loaded, the changes in the electric 
parameters of the TSM sensor caused by the loading can be determined. All the measurement 
results are recorded and processed by the Data Acquisition and Processing Unit (DAPU). The 
Mechanical Manipulation Unit (MMU) provides a mechanically stable platform to support the 
TSM sensor and have the ability of manipulating the positions of microparticles on the surface of 
a TSM sensor. The Optical Imaging Unit (OIU) provides directly visual observation of the 
conditions of the microparticles and the sensor surface and has the capability of capturing still 
image and video.  
A measurement system for TSM sensors including the four units is designed and built, as 
shown in Figure 5.2. The detailed information of each unit, including components and functions, 
is discussed below. 
 
 
 
 
 
Figure 5.2   A measurement system for TSM sensors 
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5.1.1.1. Electronic Measurement Unit (EMU) 
The EMU is required to provide accurate and reproducible measurements of the electric 
characteristics of a TSM sensor before and after the loading of microparticle(s). By considering 
the TSM sensor as a 2-port network, there are several groups of parameters that are usually used 
to characterize the TSM sensor, i.e. impedance matrix, admittance matrix and scattering matrix, 
etc. These parameters are usually not independent and can be converted into each other. In this 
study, the scattering matrix is chosen for the measurements of TSM sensors and Figure 5.3 shows 
a 2-port network for a device under test (a TSM sensor in this study). 
 
 
 
 
Figure 5.3   A 2-port network for a TSM sensor 
 
 
 
To measure the scattering matrix, the electric waves at port 1 and port 2 are separated 
into a voltage wave incident on the port and a voltage wave reflected from the port. The 
amplitudes of the incident and reflected waves are Vi+ and Vi–, respectively. The subscript 
represents the port number and i = 1, 2. The scattering matrix is defined in Eq. 5.1 and the 
individual scattering coefficient is given by Eq. 5.2 [51].  
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The forward transmission coefficient, S21, relates the voltage wave coming out of port 2 
and the voltage wave incident on port 1. This coefficient is preferred for the measurements of 
TSM sensors because it gives a visual picture how the amplitude and phase of the electric signal 
are affected by the TSM sensor. A schematic diagram for the measurement of S21 of a TSM 
sensor is shown in Figure 5.4.  
 
 
 
 
Figure 5.4   A schematic diagram for the measurement of S21 of a TSM sensor 
 
 
 
A HP 4395A Network Analyzer is the core of the Electric Measurement Unit and a HP 
87512A Transmission and Reflection Test Kit is used.  A TSM sensor is assembled in a sensor 
holder and its two opposite electrodes are connected to two SMA connectors on the sensor holder. 
One electrode is connected to the output of the Transmission and Reflection Test Kit and the 
other electrode is connected to the port B of the Network Analyzer.  
A reference signal is provided by the HP 4395A Network Analyzer. The Transmission 
and Reflection Test Kit By splits the reference signal into two equal parts. One part is fed into 
port A of the Network Analyzer for later comparison and the other part is applied to one electrode 
of the TSM sensor. The electric signal damped and delayed by the TSM sensor is collected by the 
Particle 
HP 4395A 
Network 
Analyzer
Electrodes 
TSM sensor
Sensor Holder
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other electrode and fed into port B of the Network Analyzer. By comparing the electric signals 
received at port A and port B, the Network Analyzer can provide the frequency spectrum of the 
amplitude and phase of the forward transmission coefficient (S21). A typical measurement result 
of S21 of a 10MHz TSM sensor is shown in Figure 5.5.  
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Figure 5.5   An example of the measurement results using the Measurement System 
(Amplitude and phase of S21 as a function of the driving frequency for a 10MHz TSM sensor) 
 
 
 
The left y-axis represents the amplitude of S21 and the right y-axis represents the phase of 
the S21. The maximum amplitude of S21 corresponds to the series resonant frequency of the TSM 
sensor and the minimum amplitude of S21 corresponds to the parallel resonant frequency of the 
TSM sensor. The zero-phase point is very close to the series resonant frequency.  
The operation of the Electronic Measurement Unit has three steps. First, the Network 
Analyzer is calibrated for the measurements of the scattering coefficients within a specific 
frequency span by replacing the TSM sensor with an electric through. Then, a TSM sensor 
without loading is connected with the Network Analyzer and the frequency spectrum of the S21 is 
Amplitude
Phase
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recorded with the help of the Data Acquisition and Processing Unit. Finally, a loading is applied 
to the surface of the TSM sensor and the changed frequency spectrum of the S21 is recorded 
again. With the help of the DRPU, the changes in the resonant frequency, amplitude and phase of 
the TSM due to a particle loading on the sensor surface can be related to the properties of the 
particle and the characteristics of the interaction between the particle and the sensor surface.  
The TSM sensor is placed into a sensor holder, which ensures a mechanical stability and 
a reliable electrical connection between the TSM sensor and the Network Analyzer. The holder is 
designed for easy assembling and cleaning of TSM sensors. It can be integrated into the stage of 
an optical microscope for easy positioning and removing of microparticles with the help of the 
Optical Imaging Unit. 
 
5.1.1.2. Data Acquisition and Processing Unit (DAPU) 
The Data Acquisition and Processing Unit has two main functions: recording the 
measurement results and processing the data to retrieve parameters representing the properties of 
the particle(s) and the particle-surface interaction.  
The Network Analyzer has the function of recording the measurement data in ASCII and 
binary formats. It provides two ways to storage the data: writing the data into a floppy disk or 
saving the data in the memory of the Network Analyzer. The first method may take several 
minutes to write the data into a floppy disk but have unlimited storage space (by replacing the 
floppy disk without stopping the measurements). The second method can save the data in a few 
seconds but the storage space is limited to the memory of the Network Analyzer (around 360 KB 
for HP 4395A). The size of a data file depends on the format of the saved data and the number of 
data points and a data file in ASCII format usually has a size of tens KB. Therefore, less than 10 
data files can be saved in the system memory of the Network Analyzer and before the 
measurements have to stop to retrieve the data into a floppy disk.  
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However, the second method is preferred because TSM sensors are sensitive to the 
changes in the ambient conditions, such as humidity and air flow, etc. To minimize these 
environmental influences, it is desired to have a fast data recording speed and a short time 
interval between the measurements of the unloaded and loaded TSM sensor.  
Another way to record the measurement data is to use a GPIB (General Purpose Interface 
Bus) connection between the Network Analyzer and a computer. With a program using 
LabVIEW (Laboratory Virtual Instrumentation Engineering Workbench), the Network Analyzer 
can be remotely controlled. All the parameters, such as type of measurements, frequency span, 
scan speed, signal power and number of data points, etc., can be set within the program and the 
measurement data can be saved directly into the computer for future processing. 
The data saved by using any of the three methods is usually chosen as ASCII format for 
easy accessing. The data can be processed using a MATLAB program or a Microsoft Excel file. 
By incorporating the results of the theoretical modeling into the data processing, the properties of 
the loaded microparticle and the particle-surface interaction can be obtained. 
 
5.1.1.3. Mechanical Manipulation Unit (MMU) 
The accurate positioning of microparticles on the surface of a TSM sensor is very 
important because the mass sensitivity of a TSM sensor is not uniform on the surface. The 
Mechanical Manipulation Unit provides a stable mechanical platform for the operation of TSM 
sensors and the loading and unloading of microparticles. The MMU includes a sensor holder, a 
micromanipulator and an adaptor.  
The sensor holder has two parts as shown in Figure 5.6. The assembly of the top and 
bottom parts holds a TSM sensor in a balanced position. This is important because unbalanced 
mechanical forces may bend or twist the TSM sensor and make the performance of the sensor 
unpredictable. Between the two parts, a combination of Pogo pins and a soft rubber is used to 
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provide an elastic buffer. This setup can prevent excessive stress from damaging the sensor. It 
also minimizes the energy dissipation that decreases the sensitivity of the sensor. The sensor 
holder is made of Teflon for electrical insulation, easy cleaning and chemical resistance. 
 
 
 
 
a)  Top part of the sensor holder 
 
 
b) Bottom part of the sensor holder 
Figure 5.6   Design of a sensor holder for TSM sensors 
 
 
 
A Siskiyou MX1680R Micromanipulator is used for adding/removing microparticles 
to/from a sensor surface. It provides a 4-axis manipulation with a submicron controllable motion. 
Extreme care need to be taken during the manipulation of microparticles to avoid damages to the 
gold electrode or the sensor surface.  
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To observe the surface condition of a TSM sensor or manipulate microparticles, the 
sensor holder needs to be placed under an optical microscope. For mechanical stability, an 
adapter is designed for attaching the sensor holder to the stage of an optical microscope, as shown 
in Figure 5.7.  
 
 
 
 
Figure 5.7   A design of an adaptor to attach the sensor hold to the stage of a microscope 
 
 
 
This adaptor is made of copper. It can be attached to the microscope stage with four 
screws. The sensor hold is placed in the center of the adaptor. Two SMA connectors are available 
for connecting the two electrodes of the TSM sensor to the Electronic Measurement Unit. 
 
5.1.1.4. Optical Imaging Unit (OIU) 
The Optical Imaging Unit is used to monitor the conditions of the sensor surface and the 
positions of microparticles. The OIU includes an Olympus optical microscope, a Leica Optronics 
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LE-470 Color CCD (Coupled Charge Device) remote head camera, a Sony Trinitron 12” TV 
monitor, a Hauppauge WinTV video capture card and video capturing software.  
The microscope has three objectives of 5×, 10× and 20× and an eyepiece of 10×. The 
maximum optical magnification is 200 times. With the help of the CCD camera and the TV 
monitor, the magnification is increased up to 700 times. It also makes the manipulation of 
microparticles much easier by looking at the TV monitor instead of the eyepiece of the 
microscope. The video capture card is capable of recording snapshots or videos captured by the 
CCD camera into a computer. 
 
5.1.2. Measurements of a TSM Sensor without and with a Microparticle 
Among different types of electrical parameters (i.e. impedance, scattering parameters or 
reflecting coefficients, etc.) that can be measured by using this measurement system, the forward 
scattering parameter, S21, is chosen to characterize a TSM sensor. This is because S21 gives the 
best description of the relation between the input and output electrical signals. Other electrical 
parameters, such as impedance, reflection coefficient, can be determined through S21.  
 To measure the changes in S21 caused by a microparticle loaded on a TSM sensor, 
standard procedures are created below.  
1. Setup and calibrate the measurement system for TSM sensor. 
2. Connect a TSM sensor with the measurement system and record the frequency 
response of S21 of the TSM sensor with a pre-selected configuration (i.e. frequency span, number 
of data points, scan speed, etc.) 
3. Place a microparticle on the surface of the TSM sensor and record S21.  
4. Use a self-made MATLAB program to process the recorded data and find the 
maximum amplitudes of S21 and the corresponding frequencies before and after the particle is 
loaded. 
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5. The relation between the changes in the resonant frequency and the properties of the 
particle is created. 
A typical measurement of S21 following this procedure is shown in Figure 5.8 for a 10 
MHz TSM sensor. The frequency span is 500 Hz and 800 data points are recorded. The maximum 
amplitude of S21 is first found to determine the corresponding resonant frequency. However, the 
top region of the curve is relatively flat. There may be multiple data points having the same 
maximum amplitude. Considering inevitable noise existing in the measurements, it is not 
appropriate to choose the resonant frequency by simply looking at the frequencies with the 
maximum amplitude. A more accurate method is to use curve-fitting to find a best representation 
of the experimental data. Here a least mean square algorithm using a second-order polynomial is 
deployed. Then the resonant frequency can be solved by setting the first derivative of the 
polynomial to be zero. For the data shown in Figure 5.8, the resonant frequency found using 
curve-fitting is 9.980210 MHz while the frequencies at the points with the same maximum 
amplitude vary from 9.980205 MHz to 9.980217 MHz. 
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Figure 5.8   A measurement of the amplitude of S21 for a 10 MHz TSM sensor 
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Another commonly used method to determine the resonant frequency of a TSM sensor is 
by looking for the data point at which the phase of S21 equals to zero. Figure 5.9 shows the phase 
of S21 for the same measurement shown in Figure 5.8. By using linear regression, the frequency at 
zero-phase is 9.980620 MHz. It is 410 Hz higher than the frequency with the maximum 
amplitude, 9.980210 MHz. 
 
 
 
0
10
20
30
40
9.9799E+06 9.9801E+06 9.9803E+06 9.9805E+06
f (Hz)
Ph
i (
de
gr
ee
)
 
Figure 5.9   A measurement of the phase of S21 for a 10 MHz TSM sensor  
 
 
 
The results in Figure 5.8 and Figure 5.9 show that there is a difference between the 
frequency at the maximum magnitude of S21 and the frequency at zero-phase. Theoretically, these 
two frequencies should be the same based on the Lumped Element Model of a TSM sensor. This 
difference is due to the phase shift caused by the transmission lines or cables in the electrical 
connections. To make the frequency at the maximum magnitude of S21 to be the same as the 
frequency at zero-phase, a calibration of the measured phase is needed. Figure 5.10 shows a 
comparison between a measured phase and a calibrated phase. 
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Figure 5.10   A comparison between the measured and calibrated phases 
 
 
 
The calibration of the results from a particle loading experiment includes three steps. 
First, S21 of an unloaded TSM sensor is measured and the resonant frequency, fs, at the maximum 
magnitude of S21 is saved. Then, the phase, Φs, at this resonant frequency, fs, is determined based 
on the measured phase of S21. Finally, S21 of the TSM sensor loaded with a particle is measured 
and Φs is subtracted from the measured phase of S21. After the calibration, the frequency at zero-
phase is found and compared with fs to determined the frequency shift caused by the particle 
loading.  
For a TSM sensor loaded with a particle, the frequency shifts found by using the 
frequency with the maximum amplitude and the frequency with a zero phase are different. For the 
same TSM sensor used in Figure 5.8 – 5.10 loaded with a 2.38 mm chrome steel sphere, the 
frequency shifts found by using the two methods are compared in Table 5.1. The resonant 
frequency, fs,  of this TSM sensor is found to be 9.980210 MHz. Five measurements were done 
for the sensor loaded with the chrome steel sphere. The average frequency shift and the standard 
derivation for both methods are compared. 
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Table 5.1   A comparison between the frequency shifts obtained by using the maximum-
amplitude method and the zero-phase method 
 Average frequency shift (Hz) Standard derivation (Hz) 
Maximum-amplitude method 475.3 10.9 
Zero-phase method 482.4 11.6 
Difference (%) 1.5 6.0 
 
 
 
Table 5.1 shows that the frequency shifts obtained by using the maximum-amplitude 
method and the zero-phase method are very close. A difference of 1.5% in the average frequency 
shift and a difference of 6.0% in the standard derivation are found in this experiment.  
In this thesis work, the maximum-amplitude method is chosen to determine the resonant 
frequency of an unloaded TSM sensor and the frequency shift caused by a particle loading. 
Because this method can not only measure the frequency shift with a comparable accuracy but 
also provide the maximum amplitude of S21, which is helpful to determine the loss factor of the 
particle-sensor coupling in the future.  
 
 
5.2. A Force Measurement System Using Atomic Force Microscope 
A measurement system for AFM measurements is built to measure the interaction forces 
between a single microparticle and different surfaces. 
 
5.2.1. System Setup 
A BioScope atomic force microscope and a NanoScope IIIa controller from Veeco 
Instruments Inc. are integrated with an inverted optical microscope. A vibration isolation system 
is used to help stabilize the AFM system. 
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The proper attachment of the stainless steel and nickel spheres on the AFM cantilevers is 
very important to the repeatability and reproducibility of the AFM measurement results. First, 
multiple spheres and ultra-violet (UV) bonding glue are placed separately on the stage of an 
optical microscope. A sphere with a desired diameter and uniformity is selected under the optical 
microscope. Then, an AFM cantilever fixed on a 4-axis micromanipulator is carefully controlled 
to get its tip slightly dipped into the UV glue. After a selected sphere is well positioned, it is 
attached to the AFM cantilever using the micromanipulator. Finally, a UV curing system is used 
to cure the glue between the sphere and the cantilever. An image of a 12.3 µm Nickel sphere 
attached on an AFM cantilever (Si3N4, 200 µm length and 0.12 N/m) by using a scanning electron 
microscope (SEM) is shown in Figure 5.11. 
 
 
 
 
Figure 5.11   An AFM measurement system 
 
 
 
5.2.1.1. Operations of AFM 
There are various forces involved when an AFM tip approaches and interacts with a 
surface. Figure 5.12 shows the dependence of the measured force using an AFM on the distance 
between an AFM tip and a mica surface.  
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Figure 5.12   Dependence of pull-off force on the tip-surface distance 
 
 
 
When the tip is far away from the surface (part 1 in Figure 5.12), all the interaction forces 
are very weak. While the AFM tip is approaching the surface (part 2), the attractive VDW force 
becomes more significant. After the attractive force overcomes the restoring force of the AFM 
cantilever, the AFM tip sticks to the surface. Then the AFM tip is moving together with the 
surface in part 3 (AFM tip approaching the surface) and part 4 (AFM tip leaving the surface). 
When the tip is moved away from the surface, the attractive forces, mainly VDW force and 
capillary force, hold the tip on the surface until the restoring force of the AFM cantilever 
becomes greater (part 5) and the AFM tip jumps off the surface. The restoring force at this point 
is called pull-off force. In part 6, the tip is again moved far from the surface [52] [53]. 
 
5.2.1.2. Attachment of Microspheres on AFM cantilevers 
To measure the interaction forces between a microparticle and a surface using the AFM, 
microparticles with different diameter are attached to AFM cantilevers individually. Figure 5.13 
shows a SEM picture of a 12.3 um nickel sphere attached to the tip of an AFM cantilever. 
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Figure 5.13   A SEM image of a 12.3 µm nickel sphere attached to the tip of an AFM cantilever 
 
 
 
To make an attachment, the tip of an AFM cantilever is slightly dipped into UV glue first. 
Then the tip is carefully put in contact with a microparticle. Finally, the tip-particle structure is 
exposed to UV light to cure the glue. Special care need to be taken while dipping the AFM tip 
into UV glue because an excessive amount of UV glue can stiffen the AFM cantilever. This 
makes it hard to predict the performance of the cantilever. The extra glue may also cover the 
surface of the attached microparticle and results in false measurements of the interfacial forces. 
 
5.2.1.3. Data Acquisition and Processing 
AFM measurement results can be saved in text format. A MATLAB program is created 
for data processing. The detailed functions of the program are discussed in Appendix 7. 
The software coming with the AFM system has the capability to save the measurement 
results in various formats. Data in ASCII text format and image format (.jpg and .tiff) is saved for 
further processing and reference.  
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5.2.1.4. Measurement of Interaction Forces Using the AFM 
There are two parts in calibrating the interaction forces. One is the calibration of the 
spring constant of AFM cantilevers. The other is the calibration of the measured interaction 
forces using AFM.  
Each AFM cantilever has its own spring constant. Calibration is needed for accurate 
measurements. A typical measurement of the intrinsic resonant frequency of an AFM cantilever is 
shown below. 
Based on the calibrated spring constant and force sensitivity, actually interaction forces 
between a single sphere and a surface is calculated. There are two ways to calibrate the force 
sensitivity. One method is to use the software coming with the AFM and finish the calibration 
before the actually measurements. The other method is to carry out calibration of force sensitivity 
manually or with self-programmed software. A data processing program using MATLAB was 
developed to achieve this goal.  
Figure 5.14 shows a typical force-distance measurement using AFM. The original data 
for y-axis is voltages generated by photodetectors that detecting the reflected laser beam for an 
AFM cantilever. To get the strength of the interaction forces, the value of the spring constant of 
the cantilever and the displacement of the tip of the cantilever must be know.  
The spring constant of an AFM cantilever is provided by manufacturers and can be 
obtained by measuring the frequency of the thermal vibration of the cantilever. By observing the 
same displacements of the AFM tip and the surface (part. 3 and part.4 in Figure 5.12), the 
displacement of an AFM tip is obtained by measuring the displacement of the surface, which is 
controlled by a piezoelectric nano-manipulator. The combination of these two steps can give the 
interaction force that causes the displacement of the AFM tip. 
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Figure 5.14   A typical force-distance relation for AFM measurements 
 
 
 
5.2.1.5. Calibration of the Interaction Forces between a Particle and a Surface 
The interaction forces between a particle and a surface increase with the diameter of the 
particle. The strength of the interaction forces can be evaluated by measuring the pull-off force 
(part 5 in Figure 5.12). The pull-force between an AFM cantilever and a surface is on the order of 
10-9 N. When a particle with a diameter larger than 1 µm is attached to an AFM cantilever, the 
pull-off force is tens or hundreds times larger that for a bare AFM cantilever. This usually 
exceeds the measurable force range and causes saturation as shown in Figure 5.15.  
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Figure 5.15   Saturation of a particle-surface interaction force using the AFM 
 
 
 
The force measurement provided by an AFM is based on the relation between the force 
applied to the tip of an AFM cantilever and the deflection of the cantilever. A laser light is 
incident on the back of an AFM cantilever which has a metal coating to act as a mirror. The laser 
light is reflected by the cantilever and collected by a group of photodetectors. The interaction 
force between a microparticle and a surface is much larger than that between the tip of an AFM 
cantilever and a surface. This results in a large displacement of the AFM tip and a large reflection 
angle of the laser light from the cantilever. When the reflected light goes outside the effective 
detection area of the photodetectors, the collected optical signal maintains a minimum value. 
Then the corresponding displacement or force remains a constant value and the bottom part of the 
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force measurement curve becomes flat. Therefore, calibration is essential to obtain an accurate 
reading of the pull-off force. A calibration method is demonstrated in Figure 5.16. 
 
 
 
 
Figure 5.16   A method for calibrating the pull-off force using the AFM 
 
 
 
Due to the flat region between point B and D, the difference between the force at point A, 
FA, and that at point B, FB, is obviously not accurate. Instead, the difference between the force at 
point A, FA, and that at point C, FC, gives a more accurate representation of the pull-off force. By 
inspecting the force measurement curve, it is obvious that the regions AB and DE are linear. By 
using a linear regression method, the best-fit linear equations for the two regions can be obtained 
as Eq. 5.3 and Eq. 5.4, respectively. 
ABAB bZSF +⋅=  5.3 
DEDE bZSF +⋅=  5.4 
A
B
C
D
E 
F = a ⋅ Z + bF = c ⋅ Z + d
Z 
F
F 
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where, Z is the distance between the AFM tip and the surface; F is the interaction force between 
the AFM tip and the surface; SAB and SDE are the slopes of the linear equations for region AB and 
DE, respectively; bAB and bDE are two constants for the two regions. 
The force sensitivity of the AFM is defined as ∆f / ∆Z. Then SAB and SDE equal to the 
force sensitivities in region AB and DE, respectively. Extending the two lines, AB and DE, gives 
an intercept point C. It is straightforward to get the force at point C as 
DEAB
ABDEDEAB
C SS
bSbSF −
⋅−⋅=  5.5 
Then a more accurate pull-off force is obtained as FAC = FA – FC. This force increases 
with the diameter of the attached particle. It also depends on the surface conditions of the particle 
and the surface. 
 
 
5.3. Summary  
A measurement system for TSM sensors is designed and built. Each unit of the system is 
discussed in details. The measurement methods are discussed to obtain accurate results. An AFM 
system is used to measure the interaction forces between a microparticle and a surface. 
Microparticles made of stainless steel and nickel materials are attached to AFM cantilevers. A 
calibration procedure is created to get accurate particle-surface interaction forces from the non-
linear AFM force measurement results. 
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6. RESULTS AND DISCUSSION 
 
 
6.1. Results from TSM Measurements 
To validate the theoretical models developed in Chapter 4, experiments were designed to 
quantitatively study the response of a TSM sensor to a loading of a single particle or multiple 
particles. By using the measurement systems described in Chapter 5, changes in resonant 
frequencies and amplitudes of the forward transmission parameter, S21, were measured when 
particles with different diameters were loaded. 
 
6.1.1. Frequency Shift for a Single Particle Loading 
The dominant interaction forces between a sphere and a surface may vary depending on 
the diameters of the sphere. Measurements were carried out for TSM sensors with different 
resonant frequencies and particles with different diameters.  
 
6.1.1.1. Chrome Steel Spheres with Diameters in the Range of 400 ~ 3000 µm 
Two sets of chrome steel spheres manufactured from different batches were used in the 
experiments. The spheres (purchased from www.smallparts.com) have a nominal diameter in the 
range of 400 ~ 3000 µm with a variance of 0.6 µm. They have a mass density of 7.833×103 kg/m3 
and Rockwell hardness Scale C of 60 ~ 67. Three spheres with different diameters were chosen 
from each set for the experiment.  
 
A. Measurement of the masses of the spheres 
To verify the accuracy of the nominal diameters and shape of the spheres, the mass of 
each sphere was measured and compared with the mass calculated by assuming that the sphere is 
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ideally spherical. The mass were measured by using an Analytical Balance from ScienTech 
(Model SA120, resolution 0.0001 gram). Table 6.1 lists the nominal diameter, the calculated mass 
and the measured mass of each sphere. A comparison between the measured mass and the 
calculated mass is shown in Error! Reference source not found.. 
 
 
 
Table 6.1   Ideal mass and measured masses of chrome steel spheres 
 Particle Set # 1 Particle Set # 2 
Nominal diameter (µm) 1000 2000 3000 397 794 1588 
Calculated mass (mg) 4.1 32.8 110.7 0.3 2.1 16.4 
Measured mass (mg) 4.0 32.0 110.2 0.5 2.6 16.0 
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Figure 6.1   A comparison between the measured masses and the calculated masses of ideal 
spheres 
 
 
 
R = 0.99995
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The correlation coefficient between the measured mass and the calculated mass, R, is 
0.99995. It means the assumption that the spheres are spherical is valid. This is important because 
it ensures the results from the TSM measurements with these spheres are comparable with the 
results from the theoretical modeling which is based on the analysis of a spherical particle. 
 
B. Sensitivity of a 5 MHz TSM Sensor 
The resonant frequency of a TSM sensor changes with a mass loading. The ratio of the 
frequency shift to the loaded mass gives the mass sensitivity of the TSM sensor. Experiments 
were carried out to measure the resonant frequency of a TSM sensor before and after a particle 
was loaded on the sensor surface. By varying the diameters of the loaded particles, the mass 
sensitivity of the TSM sensor can be calculated.  
In this experiment, each of the six spheres listed in Table 6.1 was individually loaded on 
a TSM sensor with a fundamental resonant frequency of 5 MHz. The frequency responses of the 
amplitude and phase of the forward transmission parameter, S21, were monitored by using a 
Network Analyzer before and after the loading of each sphere. The changes in the frequencies at 
the maximum amplitudes before and after the loading were recorded. Figure 6.2 shows the 
dependence of the measured frequency shifts on the sphere diameters for a 5 MHz TSM sensor. 
It is shown that the frequency shift, ∆f, of a 5 MHz TSM sensor has a linear relation with 
the diameter of the chrome steel sphere, dp. The relations between the frequency shift and the 
particle diameter for Particle Set # 1 and # 2 are given by Eq. 6.1 and Eq. 6.2, respectively. 
489.67d0675.0f p1S +×=∆        6.1 
188.15d0572.0f p2S +×=∆        6.2 
The squared correlation coefficients, R2, between the measured frequency shift and the 
sphere diameter are 0.9999 and 0.9917 for Particle Set #1 and Set #2, respectively. 
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Figure 6.2   Dependence of frequency shifts on the diameters of chrome steel spheres  
for a 5 MHz TSM sensor 
 
 
 
To better describe the relation between the frequency shift and the sphere diameter, a 
parameter called the diameter sensitivity is defined as the inverse of the slope of the linear 
regression line. The diameter sensitivities of a 5 MHz TSM sensor to Particle Set #1 and Set #2, 
Sdia_5_S1 and Sdia_5_S2, are determined by Eq. 6.3 and Eq. 6.4.  
)Hz/m(    8.14
m Hz/0675.0
1
)f(d
)d(d
S p1S_5_dia µ≈µ=∆=  6.3 
 )Hz/m(    5.17
m Hz/0572.0
1
)f(d
)d(d
S p2S_5_dia µ≈µ=∆=  6.4 
The results show that the change in the resonant frequency of a 5 MHz TSM sensor 
caused by the load of a single sphere is linearly proportional to the sphere diameter. The 
coefficient of this linear relation is the diameter sensitivity. This parameter is very important 
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because it is independent of the size of the loaded sphere. Therefore, the frequency shift due to a 
loaded sphere can be predicted by knowing the diameter of the sphere and the diameter 
sensitivity. On the other hand, the diameter of a loaded particle can be calculated by measuring 
the frequency shift.  
For example, the frequency shift of a 5 MHz TSM sensor caused by a 14.8 µm sphere 
from Particle Set #1 is expected to be 1 Hz. If a measured frequency shift due to a sphere loading 
is 0.5 Hz, the sphere diameter can be estimated as m   4.78.145.0Sfd 1S_5_diap µ≈×=⋅∆≈ . 
 The diameter sensitivities of the 5 MHz TSM sensor  to spheres from Set #1 and Set #2 
are 14.8 um/Hz and 17.5 um/Hz, respectively. Theoretically, the two diameter sensitivities should 
be the same and the frequency shift should be zero when the sphere diameter is zero. This 
discrepancy between the measurement results and the theoretical modeling is mainly caused by 
the surface roughness of the spheres used in the experiments. Figure 6.3 and Figure 6.4 show the 
SEM images of two spheres from Particle Set #1 and Set #2, respectively. 
 
 
 
    
a) 80X                                                                         b) 1500X 
Figure 6.3   SEM images of a 1000 um sphere from Particle Set #1 at 80X and 1500X 
magnifications  
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a) 200X                                                             b) 1500X 
Figure 6.4   SEM images of a 380 um sphere from Particle Set #2 under 200X and 1500X 
magnifications 
 
 
 
The two figures show that the sphere from Particle Set #1 has a higher surface roughness 
than the one from Particle Set #2. In the theoretical modeling, both the surfaces of a sphere and a 
TSM sensor are considered atomically flat. Practically, the surface roughness affects the 
interfacial interactions between a sphere and a surface [63]. Therefore, the expression of the 
linear relation between the frequency shift and the sphere diameter is a little changed from the 
theoretical results shown in Chapter 4 and Appendix 6. Since the gold electrode of a TSM sensor 
has a much smoother surface, the discrepancy is mostly caused by the surface roughness of the 
loaded sphere. A complete study of the influence of the surface roughness on the relation between 
the frequency shift and the sphere diameter will be conducted in the future work.  
Another important parameter for evaluating the sensitivity of a sensing device is called 
mass sensitivity. This mass sensitivity can be used to determine the minimum detectable mass 
loaded on a sensor. Figure 6.5 shows the dependence of the frequency changes of a 5 MHz TSM 
sensor on the masses of the loaded spheres chosen from Particle Set #1 and Set #2.  
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Figure 6.5   Dependence of frequency shifts on the masses of chrome steel spheres for a 5 MHz 
TSM sensor 
 
 
 
The relations between the frequency change and the particle mass are shown in Eq. 6.5 
and Eq. 6.6 for Particle Set #1 and Set #2, respectively.  
21.0
1S1S m4.422f ×=∆        6.5 
26.0
2S2S m1.308f ×=∆        6.6 
According to the theoretical modeling, the frequency shift is linearly proportional to m1/3. 
The ideal value of the power is 0.33, compared with 0.21 and 0.26 for Particle Set #1 and Set #2, 
respectively. The difference is mostly due to the influence of the surface roughness of a sphere on 
the particle-surface interaction. The mass sensitivity can be estimated by assuming the measured 
frequency shift is linearly proportional to m1/3. The expressions of the sphere masses are given as 
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383
1S
3
1S f103.1f)4.422
1(m ∆××≈∆×= −  6.7 
383
2S
3
2S f104.3f)1.308
1(m ∆××≈∆×= −  6.8 
Therefore, the mass sensitivities of the 5 MHz TSM sensor to a loaded sphere selected 
from Set #1 and #2 are 
(g/Hz)   f100.4
)f(d
)m(dS 28-
1S
1S
1S_5_mass ∆××≈∆=  6.9 
(g/Hz)   f100.1
)f(d
)m(dS 27-
2S
2S
2S_5_mass ∆××≈∆=  6.10 
Eq. 6.9 and Eq. 6.10 show that the mass sensitivity of a 5 MHz TSM sensor depends on 
the minimum measurable frequency shift. Improving the resolution of a measurement system by 
one order can enhance the mass sensitivity by two orders. For example, a measuring system has a 
minimum measurable frequency change of 1 Hz. The mass sensitivity of a 5 MHz TSM sensor 
obtained by using this measuring system will become 
(g/Hz)   100.4S -8Hz1f1S_5_mass ×≈=∆  6.11 
 If another measuring system with an improved frequency resolution of 0.1 Hz is 
available, then the mass sensitivity obtained by using this system would be as high as 
(g/Hz)   100.4S -10Hz1.0f1S_5_mass ×≈=∆  6.12 
This means the nominal detectable mass using this system is g 100.4m -11min ×≈ . Of 
cause, the increase of the mass sensitivity by improving the minimum measurable frequency has 
limits. The most important limiting factor is the stability of the resonant frequency of a TSM 
sensor, which is affected by environmental conditions, such as humidity, air flow, etc. When the 
114 
 
nominal detectable mass is so small that the diameter of the sphere approaches to nanometer, the 
forces dominating the interfacial interactions change. The diameter sensitivity or mass sensitivity 
obtained from Eqs. 6.3, 6.4, 6.9 and 6.10 are no longer applicable. 
 
C. Sensitivity of a 10 MHz TSM Sensor 
Similar measurements were done to find out the sensitivities of a 10 MHz TSM sensor. 
Spheres with different diameters were loaded on a 10 MHz TSM sensor individually. The 
corresponding frequency shifts were measured and results were shown in Figure 6.6.  
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Figure 6.6   Dependence of frequency shifts on the diameters of chrome steel spheres for a 10 
MHz TSM sensor 
 
 
 
Following the same procedures used for a 5 MHz TSM sensor, the relations between the 
frequency shifts and the diameters of the spheres chosen from Particle Set #1 and Set #2 are 
found as Eq. 6.13 and Eq. 6.14 for a 10 MHz TSM sensor.  
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95.186d0557.0f p1S +×=∆        6.13 
711.16d0403.0f p2S +×=∆        6.14 
And the diameter sensitivities of the 10 MHz TSM sensor to the two particle sets are 
found as Eq. 6.15 and Eq. 6.16.  
)Hz/m(    0.18
)f(d
)d(d
S p1S_10_dia µ≈∆=  6.15 
 )Hz/m(   24.8 
)f(d
)d(d
S p2S_10_dia µ≈∆=  6.16 
By converting the diameters of the spheres shown in Figure 6.6 into the masses, the 
dependence of the frequency changes on the masses of the spheres loaded on a 10 MHz TSM 
sensor is found as shown in Error! Reference source not found.. 
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Figure 6.7   Dependence of frequency shifts on the masses of chrome steel spheres for a 10 MHz 
TSM sensor 
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A relatively large error is observed in the measurements for the spheres selected from 
Particle Set #1. This is caused by two main factors. First, the spheres from Set #1 have a larger 
surface roughness, as shown in Figure 6.3 and Figure 6.4. This results in a worse repeatability and 
a larger variance in the measurements of the particle-surface interaction. Second, a 10 MHz TSM 
sensor has a smaller thickness and mass than a 5 MHz TSM sensor based on Eq. 2.42. This 
results in a larger ratio of the mass of a sphere to the mass of the sensor. However, an assumption 
that the mass of a sphere is much less that of a TSM sensor is made in the theoretical modeling to 
simply the analysis. A larger ratio of the two masses makes the assumption less accurate.  
Similarly, the mass sensitivities of the 10 MHz TSM sensor to the spheres from Particle 
Set #1 and Set #2 are calculated in Eq. 6.17 and Eq. 6.18, respectively. 
 
(g/Hz)   f103.3
)f(d
)m(dS 28-
1S
1S
1S_10_mass ∆××≈∆=        6.17 
(g/Hz)   f102.4
)f(d
)m(dS 27-
1S
1S
2S_10_mass ∆××≈∆=        6.18 
If the minimum measurable frequency shift of an electronic system is 0.5 Hz, the 
minimum detectable mass is about 1.5 ng (10-9 gram). 
 
D. Comparison of the sensitivities between 5 MHz and 10 MHz sensors 
The diameter sensitivities and mass sensitivities of a 5 MHz TSM sensor and a 10 MHz 
TSM sensors to the spheres chosen from Particle Set #1 and Set #2 are summarized in Table 6.2.  
It is shown that the diameter sensitivities of the 5 MHz TSM sensor to the spheres from 
Particle Set #1 and Set #2 are 14.8 µm/Hz and 17.5 µm/Hz, respectively. The ratio of the two 
diameter sensitivities for the 5 MHz TSM sensor is 0.85. The corresponding diameter sensitivities 
of the 10 MHz TSM sensor are 18.0 µm/Hz and 24.8 µm/Hz, respectively. The ratio of the two 
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diameter sensitivities for the 10 MHz TSM sensor is 0.73. Both of the two ratios are close to 1. 
This means that a TSM sensor has the same diameter sensitivity to the spheres selected from 
different particle sets. Other factors affecting the particle-surface interaction, especially the 
surface roughness, may cause a variation in the diameter sensitivity.  
 
 
 
Table 6.2   Comparison of sensitivities between 5 MHz and 10 MHz sensors 
 Sensitivity 
5 MHz 
TSM sensor 
10 MHz 
TSM sensor 
Particle Set #1 
Sdia_5_S1 
14.8 18.0 
Particle Set #2 
Sdia_5_S2 
17.5 24.8 
Diameter 
sensitivity 
(µm/Hz) 
Ratio of diameter sensitivities 
for the same sensor 
0.85 0.73 
Particle Set #1 
Smass_5_S1 
10.0 8.3 
Particle Set #2 
Smass_5_S2 
25.6 105 
Mass 
sensitivity * 
(ng/Hz) 
Ratio of mass sensitivities for 
the same sensor 
0.39 0.08 
 
*   The mass sensitivity is calculated for a minimum measurable frequency shift of 0.5 Hz 
 
 
The mass sensitivities of the 5 MHz TSM sensor to the spheres from Set #1 and Set #2 
are 10.0 and 25.6 ng/Hz, respectively. The ratio of the two mass sensitivities is 0.39. It is far from 
1 because the mass of a sphere is linearly proportional to the diameter to the power 3. Any 
variance in the ratio of the diameter sensitivities caused by other factors, including surface 
roughness and humidity, is zoomed. And this ratio gets much worse for the 10 MHz TSM sensor 
because of the smaller thickness or mass of the 10 MHz TSM sensor and the larger ration of the 
mass of a sphere to the mass of the sensor, as explained above. 
118 
 
6.1.1.2. Stainless Steel Spheres with Diameters between 10 ~ 80 µm 
To investigate the response of TSM sensors to smaller particles, microspheres with 
diameters in the range of 15 ~ 65 µm were studied with the help of TSM sensors. The results are 
shown in Figure 6.8 for a 5 MHz TSM sensor loaded with two 30 µm stainless steel spheres. The 
spheres are made of stainless steel Type 316 with mass density of 7.972×103 kg/m3 and Rockwell 
hardness Scale C of 25 ~ 39. The variance in diameter is 2.54 µm. The change of the resonant 
frequency, ∆fc = fc - fs, is 3 Hz, or ∆fc / fs is about 0.6 ppm.  
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Figure 6.8   Amplitude of S21 for a 5 MHz TSM sensor without load and loaded with two stainless 
steel spheres (30 µm) as a function of the frequency 
 
 
 
Figure 6.9 shows the phase shift due to the particle loading. By assuming a linear relation 
between the phase and frequency and applying linear regression to the measured data, the 
frequencies at zero-phase are found as 5.0006350 MHz (with particle) and 5.0006321 MHz 
(without particle).  The frequency change due to the particle loading is 2.9 Hz, which is the same 
as the result obtaining by looking for the changes of the frequency at the maximum amplitudes. 
 
W
∆A = 0.18 dB 
∆f = 3 Hz 
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Figure 6.9   Phase shift of a 5MHz TSM sensor due to particle loading 
 
 
 
Based on the mechanical model presented in the theory part, this corresponds to an 
interfacial coupling coefficient, kp, of 1.08×104 N/m. The result is comparable to the value 
provided in the reference [38].  
As discussed before, relative large frequency change due to a particle loading only 
happens when the resonant frequency of a particle is close to the fundamental frequency of a 
TSM sensor. Thus, for a TSM sensor, with the given resonance frequency, the effective 
interaction takes place only for the particles within a well defined range of diameters, since the 
interaction constant has a fixed value. Since the diameter of the particle can be changed in the 
experiment, one may observe only the given resonance frequency change. However, if one 
designs an experiment in which the interaction constant between the particle and the sensor 
surface can be controlled, then the change in the resonance frequency of the interaction can by 
observed directly. 
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6.2. Results from AFM Measurements 
AFM has been used to measure interaction forces in different applications [54] [50] [55] 
[56].In this section, experimental results from AFM measurements are presented and comparisons 
with theoretical simulations are given. 
Figure 6.10 shows the measurement of a pull-off force by using an AFM. The force 
measurements were made between a standard AFM tip (Si3N4, 200 µm length and 0.12 N/m) and 
a mica surface (peeled 15 minutes before the experiments). Ambient temperature was 73.3°F and 
relative humidity was 63.1% [57]. A pull-off force (part 5) of 30 nN was recorded, which is 
consistent with the previous reports. 
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Figure 6.10   A force measurement using an AFM for a mica surface 
 
 
 
The VDW force between the AFM tip and the mica surface can be estimated by the 
attractive force when the tip was closely approaching the surface, as shown in Figure 6.11. In this 
experiment, the VDW force was estimated to be 3.6 nN. 
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Figure 6.11   AFM force measurements before and after a tip jumped onto a mica surface 
 
 
 
The measured pull-off force includes the influence of all the interfacial interaction forces 
between a sphere and a surface. The dominant interaction forces are VDW force and capillary 
force. By comparing this VDW force and the pull-off force obtained from Figure 6.10, the 
capillary force can be estimated to be 26.4 nN. 
Figure 6.12 shows the AFM force measurements for stainless steel spheres with 
diameters at 28.8 µm, 38.3 µm and 51.4 µm. Results for nickel spheres with diameters at 5.5 µm, 
8.9 µm and 13.7 µm are shown in Figure 6.13.   
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Figure 6.12   Relationship between the measured AFM force and the diameters of stainless steel 
spheres (28.8 µm, 38.3 µm and 51.4 µm) 
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Figure 6.13   Relationship between the measured adhesion forces and the diameters of nickel 
spheres (5.5 µm, 8.9 µm and 13.7 µm) 
 
 
 
Both of the force-diameter relations appear to be linear. This is consistent with the 
assumption that the dominant interaction forces are the VDW force and capillary force, which are 
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both linearly proportional to the diameter of a sphere. The correlation coefficient, R, of the force-
diameter relation is 0.987 for stainless steel spheres and 0.912 for nickel spheres, respectively. 
The results for nickel spheres had larger variance can be explained by the smaller 
diameters of nickel spheres. Errors in the measurements of sphere diameters have a greater 
influence on smaller spheres. The surface roughness also plays a more important role for smaller 
spheres. 
The TSM measurements were made for 40 um stainless steel spheres. From the 0.5 Hz 
change in the resonant frequency of a 5 MHz TSM sensor, the interfacial coupling coefficient, kp, 
for the coupling between the sphere and the sensor was found to 1.3×104 N/m. The shear 
deformation of the TSM sensor is on the order of 0.01 ~ 0.1 nm, depending on the applied electric 
field. The interaction force between the sphere and the TSM sensor may be estimated in the range 
of 130 ~ 1300 nN. The pull-off force calculated from the AFM measurements is 120.4 nN for a 
38.3 um stainless steel sphere, which is on the same order as the result obtained from TSM 
measurements. 
 
 
6.3. Effects of Ambient Conditions on Interfacial Interactions 
Ambient conditions, such as temperature, humidity, external electromagnetic fields, dusts 
and contaminations in the environment, may play an important role in the interfacial interaction 
of microparticles with a surface [42]. 
 
6.3.1. Effects of a Magnetic Field on Particle-Surface Interaction 
Figure 6.14 shows the different frequency responses of the amplitude of the reflection 
coefficient, S21, for a TSM sensor loaded with two stainless steel spheres with and without a 
magnetic field (B = 400 Gauss).  
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It can be seen that the resonant frequency shift is about 12.5 Hz, much larger than the 3 
Hz change measured without magnetic field. The resonance frequency of the TSM sensor 
decreases. This suggests that the interaction constant increases since the magnetic field decreases 
the distance between the particle and the surface.   
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Figure 6.14   The amplitude of S21 as a function of frequency for a TSM sensor loaded with a 
stainless steel particle under an external magnetic field 
 
 
 
Figure 6.15 shows the responses of a TSM sensor to removals of particles under magnetic 
field. A 5 MHz TSM sensor was loaded with seven stainless steel spheres with sizes of 30 µm. 
After a magnetic field (B = 400 Gauss) was applied, a single sphere was removed successively 
except the last step where two spheres were removed. An average frequency shift of 5 Hz was 
observed for the removal of a single sphere and 10 Hz for the removal of two spheres. The results 
suggest that the interaction effect is linear and that particles do not interact between themselves.  
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Figure 6.15   Frequency response of the amplitude of S21 under magnetic field 
 
 
 
Figure 6.16 is the corresponding frequency response of the phase of S21. The phase at a 
certain frequency decreases with the decrease in the number of particles loaded on the TSM 
sensor surface.  
 
 
 
 
Figure 6.16   Frequency response of the phase of S21 under magnetic field 
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It is seen more clearly in Figure 6.17 that the phase changes as the number of particles on 
the sensor varies. The phase with no particle loaded is not zero is due to the phase shift caused by 
the applied magnetic field. The obtained results suggest that the TSM technique may be very 
useful for the study of various interfacial processes involving different particles and broad range 
of ambient conditions. 
 
 
 
 
Figure 6.17   Phase of S21 vs. number of particles 
 
 
 
A TSM sensor is not only sensitive to the mass loading placed on the sensor surface but 
also sensitive the strength of an external magnetic field. Figure 6.18 shows the responses of a 5 
MHz TSM sensor to the changes in the magnitude and direction of an external magnetic field. 
With the decreasing of the magnetic field strength, the resonant frequency shifts along with a 
decreasing amplitude at the resonant frequency. 
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Figure 6.18   Effect of the magnitude of a magnetic field on a 5 MHz TSM sensor 
 
 
 
6.3.2. Effects of Liquid Existence on Particle-Surface Interaction 
Figure 6.19 shows the responses of a 5 MHz TSM sensor loaded with about 30 stainless 
steel spheres with sizes about 40 µm after a drop of acetone (~ 15 uL) was applied to the sensor 
surface. 30 seconds after the adding of acetone, the resonant frequency decreased (shifted to the 
left) and the resonant amplitude was damped as a usual liquid loading for a TSM sensor. After 60 
seconds, both the resonant frequency and amplitude increased compared with the curve after 30 
seconds, but still lower than the result before loading acetone. After 120 seconds and 150 
seconds, one important feature is that the resonant frequency is now greater that the value before 
loading acetone, although the resonant amplitude is further damped. These changes may suggest 
that the liquid existence is changing the coupling coefficient, k, between the particles and the 
surface. 
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Figure 6.19   Changes on the amplitude of S21 with acetone loading 
 
 
 
When the acetone was initially added to the surface, it was more like a mass loading 
coming with a coupling coefficient larger than the critical coupling coefficient, kc, which resulted 
in a decrease in the resonant frequency. When acetone was evaporating, the coupling was 
weakened and the actually coupling coefficient finally became smaller that kc. This explained the 
increases in the resonant frequency in the curves “after 120 sec” and “after 150 sec”. 
 
 
6.4. Summary 
Measurements with TSM sensors using Network Analyzer were carried out for 5 MHz 
and 10 MHz sensors. The frequency shifts and amplitude changes were recorded for spheres with 
different diameters. The diameter sensitivity and mass sensitivity of the 5 MHz and 10 MHz TSM 
sensors were determined. The factors causing the errors in the measurement results are discussed. 
The effect of ambient conditions on the interfacial interaction between microspheres and 
surfaces were studied. The effects of liquid existence and a magnetic field on the interfacial 
coupling between particles and a TSM sensor are demonstrated. 
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Experiments were designed to measure the pull-off force using the AFM. Forces between 
a stainless steel or nickel sphere and a mica surface were measured. Spheres with different 
diameters were attached to the AFM cantilevers. The calibrated measurement data was compared 
with the theoretical calculations.  
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7. CONCLUSIONS 
 
 
7.1. Conclusions 
An emerging technique for the study of interfacial interactions of particles and surface by 
using TSM sensors is studied through theoretical modeling and experiments. The detailed 
procedures and results are described in the previous chapters. 
 
7.1.1. Achievements 
The objectives stated in Chapter 1 have been achieved. The interfacial forces between a 
microparticle and a surface have been evaluated. A comparison between these forces has been 
made to determine the dominant forces during the interaction. A theoretical model for the 
interaction between a particle and a surface has been presented. Combined with the mechanical 
model of a TSM sensor, a theoretical model for the characterization of particle-surface interaction 
using TSM sensors has been created. Through simulation, the effects of lossless and lossy 
assumptions have been studied. The dependence of the resonant frequency of a TSM sensor on 
the diameter of a loaded particle has been shown. 
An experimental system has been built for TSM measurements. Microspheres made of 
different materials have been loaded on 5 MHz and 10 MHz TSM sensors. The changes in 
resonant frequencies and amplitude of the forward scattering parameter (S21) have been recorded. 
The relation between the resonant frequency shift and the particle diameter has been determined 
to be linear. The mass sensitivities of 5 MHz and 10 MHz TSM sensors have been calculated. A 
method to determine the mass sensitivity of TSM sensors has been established.  
AFM has been applied for measuring the interaction forces between a single 
microparticle and a surface. A program has been made to carry out automatic calibration and 
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force calculation. The measured interaction forces have been compared with theoretical values. 
The results have been favorably compared with TSM measurements. 
 
7.1.2. Originality 
The intensive study of the interaction of a single microparticle with a TSM sensor has 
been originally conducted. A parameter, interfacial coupling coefficient, is first defined to 
describe the interaction between a particle and a surface. A mechanical model and its equivalent 
electrical circuits are developed for the interaction of a single or multiple particles with a surface. 
Through experimental measurements, the relations between the frequency shift of a TSM sensor 
and the diameter and mass of a sphere have been verified for the first time. A validation method 
by using the AFM to measure the particle-surface interaction forces has been presented. 
 
 
7.2. Future Work 
Interactions of microparticles and nanoparticles have been of increasing importance. This 
thesis work has developed a novel technique for the real-time characterization of the interfacial 
interaction of particles with surface. Based on the results of this study, some future works have 
been proposed. 
 
7.2.1. Study on the Factors Affecting the Diameter and Mass Sensitivities 
The results of TSM measurements show that the diameter and mass sensitivities of a 
TSM sensor are affected by some factors, including humidity and the surface roughness of the 
sphere and the surfaces. A modification to the theoretical model is needed to address these 
factors.   
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7.2.2. Improvement of Resolution of Frequency Measurements 
It is shown that the mass sensitivity of a TSM sensor is almost constant value. By 
improving the measurement technique, a better resolution (smaller value) of the measured 
frequencies enables the TSM sensor to detect particles with smaller diameter or mass. 
 
7.2.3. Particles with Non-uniform Shapes 
The theoretical models are based on the assumption that the particles are ideally 
spherical. For particles with other shapes, the current models have to be modified to determine 
the effective coupling coefficient and the effective mass for a sphere. 
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Appendix 1. Classification of Surface Analysis Techniques 
 
 
Currently, many techniques have been developed for surface analysis and interfacial 
investigations. There are different ways to classify these techniques. A method based on the 
sources that are used in probing the surfaces is discussed below.  
There are different mechanisms for analyzing surfaces and interfaces. Generally, a 
probing source applied to a surface can utilize photons, electrons, ions, neutrals, heat or a field. 
The response(s) of a probed surface may result in the generation of one or more of the six types 
of signals. Each signal may carry different information of the surface. Based on what kind of 
information is needed, a variety of techniques with different combinations of the probing sources 
and the specific responses have been developed for surface analysis. For surface and interface 
analysis, most of the techniques are utilizing electrons, ions, photons or fields. 
 
A1.1. Electrons 
There are many techniques using electrons as a probing source to analyze different 
properties of the surface and structure of a solid material. First, electrons are generated through 
thermionic discharge or field emission. Next, they are accelerated by an electric field and focused 
by a combination of electric and magnetic fields. After the electrons bombard a surface, various 
responses happen at the surface and a vicinity of the surface, which depends on the energy of the 
electrons. The responses include transmitted electrons (for very thin specimen), scattered 
electrons, and emitted photons. By collecting different signals, a variety of techniques were 
developed, such as transmission electron microscopy (TEM), scanning electron microscopy 
(SEM), auger electron spectroscopy (AES), low energy electron diffraction (LEED) and 
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reflection high energy electron diffraction (RHEED), etc. Among these analytical methods, TEM 
and SEM are the two most widely used techniques for surface analysis.  
In TEM, an electron beam is accelerated and focused on a very thin specimen and the 
transmitted electron beam carrying information of the atomic structure of the specimen is 
collected. TEM required operations inside ultra-high vacuum because  
SEM uses a focused primary electron beam to scan on a surface. The primary electrons 
are scattered by the atomic structure of the specimen and secondary electrons are emitted and 
detected. 
 
A1.2. Ions 
Ions come from the ionization of atoms or molecules and can be accelerated to bombard a 
material surface. Secondary Ion Mass Spectrometry (SIMS) uses energetic primary particles to 
bombard a surface and the secondary ions are collected among all kinds of particles that are 
emitted from the surface. The collected ions are analyzed by a mass spectrometer and the mass 
spectrum of the surface is obtained. 
 
A1.3. Photon 
Photon is the very first probing source by visual observation with eyes since the human 
history, long before the understanding of the concept of photons. The development of optical 
microscope has revolutionarily improved the capabilities of surface analysis. By extending the 
wavelengths of electromagnetic waves from visible into invisible, more techniques that can bring 
some specific features of surfaces have been invented, such as X-ray photoelectron spectroscopy 
(XPS) and ultraviolet photoelectron spectroscopy (UPS) for surface chemical analysis, etc.  
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A1.4. Fields 
When a field is applied at a vicinity of a surface, some specific phenomena may happen 
in the field. Among the techniques utilizing a field, scanning probe microscopy (SPM) is one of 
the most important surface analysis tools. 
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Appendix 2. Surface and Interfacial Analysis 
 
 
A2.1. Definitions of Surface and Interface 
A surface, in its narrow meaning, is the outer-most atomic layer that defines the boundary 
of a medium. In practice, the concept of a surface is always beyond the single outer-most atomic 
layer. However, there is no strict definition of a surface. Depending on the interest and 
application of a study, the definition of a surface may vary from  a couple of atomic layers as in 
surface topography and chemical bonding to tens or even hundreds of atomic layers in surface 
and thin film engineering. Surface science studies the physical and chemical properties of the 
surface, which exhibit different behaviors from bulk materials due to the abruption at the 
boundary.  
An interface is the common boundary of two media or phases. The two media can be one 
of the four phases of materials, solid, liquid, gas and plasma. An object may exhibit distinguish 
features when its surface is exposed to different media.  
The physical and chemical characteristics of a material strongly depend on the properties 
of the surface. The information of the surface conditions, such as surface contour and 
arrangement of atoms, can provide important knowledge of the surface properties and predict the 
performance of the material. 
 
A2.2. Surface Analysis and Interfacial Analysis 
Surface analysis is the science of studying physical, chemical, mechanical, and electrical 
properties of a surface and can provide important knowledge to surface and material engineering. 
Many surface analysis techniques have been developed based on different mechanisms to 
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investigate the properties of surfaces, from a single atomic layer to tens or hundreds atomic 
layers. 
The surface of a medium is always in contact with one or more different media. When 
two media are in contact, the atoms on the surface of each medium interact with each other and 
create some unique features. Therefore, in order to study the properties of a real surface, a 
medium is always put into a vacuum after careful cleaning. Many surface analysis tools required 
a sample placed into a vacuum chamber and carefully controlled cleaning is a standard procedure. 
In a reality world, media are usually exposed to atmospheric environment, where water 
vapor, dust, chemicals and other contaminants may exist. The actual performance of most media 
depends on the interfacial interactions between them. These interactions may change and 
sometimes dominate the behaviors of the interacting materials. Therefore, the study of the 
interfacial phenomena happening in the vicinity of the interface has become one of the most 
important fields for science and engineering. 
 
A2.3. Techniques for Surface Analysis 
There are different mechanisms for analyzing surfaces and interfaces. Generally, a 
probing source applied to a surface can utilize photons, electrons, ions, neutrals, heat or a field. 
The response(s) of a probed surface may result in the generation of one or more of the six types 
of signals. Each signal may carry different information of the surface. Based on what kind of 
information is needed, a variety of techniques with different combinations of the probing sources 
and the specific responses have been developed for surface analysis.  
For surface and interface analysis, most of the techniques are utilizing electrons, ions, 
photons or fields. A summary of some important techniques for surface analysis is shown in 
Table A2.1.  
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Table A2.1   Classifications of some techniques for surface analysis sources 
Techniques Probing sources Collected Signals 
TEM Electrons Transmitted electrons 
SEM Electrons Secondary electrons 
AES Electrons Electrons 
LEED Electrons Electrons 
SIMS Ions Secondary ions 
XPS Photons Photoelectrons 
UPS Photons Photoelectrons 
SPM Fields Electrons 
 
Notes: 
TEM: transmission electron microscopy 
SEM: scanning electron microscopy 
AES: auger electron spectroscopy 
LEED: low energy electron diffraction 
RHEED: reflection high energy electron diffraction 
SIMS: secondary Ion Mass Spectrometry 
XPS: X-ray photoelectron spectroscopy 
UPS: ultraviolet photoelectron spectroscopy 
SPM: scanning probe microscopy 
 
 
 
These surface analysis techniques use one of the electrons, ions, photons and fields as 
probing sources and collect different responses from the surfaces, such as transmitted, reflected, 
or refracted electrons, secondary ions, electrons generated by photoelectron effect, etc. 
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Appendix 3. Fundamental Interaction Forces 
 
 
All kinds of forces between any two matters in the universe can be classified into four 
types of fundamental interactions: strong interaction, weak interaction, electromagnetic force and 
gravitational force. These forces are described by different theories and have tremendously 
different acting ranges and force magnitudes.  
The strong interaction describes the interactions of the quarks and gluons found in 
nucleons (protons and neutrons). It is and responsible for holding nucleons together to form an 
atomic nucleus. The strong interaction usually happens inside the nucleus of an atom and its 
acting range is on the order of the diameter of an atomic nucleus or 10-15 m. 
The weak interaction arises from the exchange of heavy bosons and is responsible for the 
weak delay of particles, such as beta decay. It has a force magnitude of 1013 times less than a 
strong interaction and its acting range is on the order of 10-18 m or 1000 times smaller than the 
diameter of an atomic nucleus. 
The gravitational force refers to the force that one object is acting upon another object. It 
is proportional to the masses of the two objects. Since the mass of an object is always positive, 
the gravitational force is also attractive. Although the magnitude of the gravitational force is 
much smaller than the strong and weak interaction forces, the acting range of the gravitational 
force is infinite and far beyond those of the strong and weak interaction forces. For the objects 
with large masses, such as planets, their motions are mostly determined by the gravitational 
forces although they may be hundreds of millions of kilometers away. And the motions of small 
objects are strongly affected by a large mass nearby, such as the behaviors of human beings on 
the earth. 
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The electromagnetic force is the force that electromagnetic fields exert on electrically 
charged particles. A static electric field generated by an electric charge may exert an electric force 
on a stationary or moving electric charge. A static magnetic field generated by a magnet may 
exert a magnetic force on another magnet or a moving electric charge. A moving electric charge, 
which constitutes a current, may generate a magnetic field and a moving magnetic field may 
create an electric field. These phenomena form the foundation of electromagnetism and make the 
electromagnetic force the most influent interaction that determines the physical, chemical, 
mechanical and electrical properties of various matters in the world.  
A comparison of the four fundamental interaction forces is included in Table A3.1. By 
comparing the acting range and strength of the four interaction forces, it makes it clear that under 
certain situation what types of interactions should be considered seriously and what types of 
interactions may have negligible influence. 
 
 
 
Table A3.1   Comparison of the four fundamental interaction forces 
Interaction forces Force strength 
Effective acting 
range 
Dependence on 
distance r 
Strong ~ 1038 < 10-15 m independent 
Weak ~ 1025 < 10-18 m 1/r 
Gravitational ~ 1 infinite 1/r2 
Electromagnetic ~ 1036 infinite 1/r2 
 
Note: The values of the force strength shown in the table are just for a rough comparison 
of the forces.  
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Both the strong and weak interactions have their effective force acting ranges within 
atomic nuclei. They are responsible for the activities at subatomic level. The gravitational force 
and electromagnetic force have a force acting range of infinite in theory. The actual force strongly 
depends on the masses or charges of the considered particles and the distance between them. The 
combination of the gravitational force and electromagnetic force determines almost all the 
phenomena and activities happening in the world. 
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Appendix 4. Shear Acoustic Waves in a TSM Sensor 
 
 
Acoustic waves can be generated in a thickness shear mode (TSM) sensor utilizing the 
piezoelectric effect. A schematic diagram of a TSM sensor with generated shear acoustic waves is 
shown in Figure A4.1.  
 
 
 
 
Figure A4.1   A schematic diagram of acoustic waves propagating in a TSM sensor 
 
 
 
The TSM sensor is usually made of AT-cut quartz crystal and has a longitude axis in the 
Z direction. The quartz plate with a thickness, tq, has a mass density of ρq and an elastic constant 
of cq. Two gold electrodes are normally coated on the top and bottom surfaces of the quartz plate. 
When an electric signal is applied between the two electrodes, acoustic waves are generated 
through the piezoelectric effect. The quartz plate exhibits a mechanical shear motion in the X 
direction. The solid and dotted lines (blue) inside and outside the quartz plate represent the 
magnitude of the shear motion along Z-axis. The media in contact with the top and bottom 
Z
X 
Quartz 
l t
Tq
ρq, cq
Medium 1 
Medium 2 
Bottom surface
Top surface z = tq/2 
z = -tq/2 
tq 
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surfaces of the TSM sensor can dramatically change the electrical and mechanical characteristics 
of the sensor. To predict the behaviors of a TSM sensor with an applied electric field or 
mechanical stress under different surrounding media, it is essential to create the wave equations 
in the sensor. 
 
A4.1. Equation of Motion and Constitutive Equation 
Assuming that the quartz plate has a thickness of tq and a cross-section area of Aq and the 
stress applied to the plate is Tq. For a small value of tq, the net translational force, Ftrans, applied to 
the quartz plate is [40] 
qq
q
trans Atz 
T 
F ⋅⋅∂
∂=   A4.1 
According to Newton’s second law,  
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where, mq is the mass of the quartz plate, ρq is the mass density of the quartz plate and uq(z) is the 
displacement of a mass point within the plate.  
Then, the velocity of the mass point is 
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The right sides of Eq. A4.1 and Eq. A4.2 should be equal,  
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Simplifying the above equation gives the equation of motion of the shear acoustic wave 
inside the quartz plate as 
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 A4.3 
For an elastic material, the strain, S, is related to the stress, T, by the constitutive equation 
in Eq. A4.5, where c is the elastic constant, c, as  
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By applying this to the equation of motion in Eq. A4.3, the wave equation of the shear 
wave is found as 
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where, vq is the velocity of the acoustic wave propagating in the quartz plate 
q
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v ρ=  A4.6 
Instead of the displacement, uq, the wave equation in Eq. A4.5 can also be expressed in 
the form of stress, Tq. 
By applying the partial derivative, 
z
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∂ , to Eq. A4.3 and combining it with the equation 
of conservation of mass, 
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By considering the constitutive equation Eq. A4.4, the wave equation in the form of 
stress, Tq, is obtained as 
2
q
2
2
q
2
q
2
q
q
2
q
2
 t
 T 
v
1
 t
 T 
cz 
T 
∂
∂⋅=∂
∂⋅ρ=∂
∂
 A4.8 
The solutions of the displacement and the stress to Eq. A4.5 and Eq. A4.8 can be easily 
found in the form of  
tjzj
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where, uqF and uqB are the magnitudes of the displacement of the forward and backward 
propagating waves, respectively. TqF and TqB are the magnitudes of the stress of the forward and 
backward propagating waves, respectively. The wave number, βq, is determined by 
 
q
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q
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ρ
ω=ω=β  A4.11 
where, ω is the frequency of the acoustic wave and vq is the velocity of the acoustic wave. 
The magnitudes of the displacement, uqF and uqB, in Eq. A4.9 and the magnitudes of the 
stress, TqF and TqB, in Eq. A4.10 can be determined by applying the boundary conditions of the 
acoustic waves inside and outside the TSM sensor.  
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A4.2. Boundary Conditions 
No matter what types of media or loadings are applied to a TSM sensor, there are two 
boundary conditions must be satisfied. One is the continuity of the transverse displacement of the 
acoustic wave and the other is the continuity of the shear stress. 
 
A. Continuity of the transverse displacement: 
This requires that the transverse displacement (perpendicular to the Z axis) of the 
acoustic waves in the quartz plate and in the media must be equal at the two boundaries. 
At the bottom boundary: z = -tq/2 
2
t
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2
t
zq
qq uu −=−= =  A4.12 
At the top boundary: z = tq/2 
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qq uu == =  A4.13 
where, uq is the displacement of the acoustic wave in the quartz plate, um1 and um2 are the 
displacements of the acoustic wave in the medium 1 and medium 2, respectively. 
 
B. Continuity of the shear stress: 
The continuity of the shear stress requires that the shear component of the stress at the 
two boundaries to be equal. 
At the bottom boundary: z = -tq/2 
2
t
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2
t
zq
qq TT −=−= =  A4.14 
At the top boundary: z = tq/2 
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where, Tq is the stress in the quartz plate, Tm1 and Tm2 are the stress in the medium 1 and medium 
2, respectively. 
By applying the boundary conditions to the solution to the wave equation in Eq. A4.9 or 
Eq. A4.10, the magnitudes of the displacement or stress can be determined. 
 
A4.3. Unloaded TSM Sensor 
Different media or loading exposed to the surfaces of a TSM sensor can significantly 
change the electrical and mechanical characteristics of the TSM sensor. To study the effect of 
various media or loading on the performance of a TSM sensor, it is necessary to begin with an 
unloaded a TSM sensor, which means both surfaces of the TSM sensor are exposed to vacuum. 
Practically, a TSM sensor with both surfaces exposed to air is considered as “unloaded” since the 
mass density and viscosity of air is very low. 
When the TSM sensor is unloaded, the external stress acting on each of the two sensor 
surfaces is zero or Tm1 = Tm2 = 0. Then, the boundary conditions at the two surfaces become: 
At the bottom boundary: z = -tq/2 
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At the top boundary: z = tq/2 
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By applying these boundary conditions for the unloaded TSM sensor to Eq. A4.9 and Eq. 
A4.10, the magnitudes of the displacement and stress of the shear acoustic wave in the TSM 
sensor can be found, respectively. 
First, the boundary condition Eq. A4.17 is applied to the stress in Eq. A4.10 to determine 
the relation between the magnitudes of the stress, TqF and TqB, 
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Second, the boundary condition Eq. A4.19 is also applied to the stress in Eq. A4.10 as 
well as the relation between TqF and TqB found in Eq. A4.20,  
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In order to obtain non-trivial solution of the stress, it has to be satisfied that 
154 
 
 
π⋅=⋅ω
π⋅=β
=β
nt
v
or             nt
or          0)tsin(
q
q
qq
qq
 A4.21 
where, n is an odd integer, i.e. 1, 3, 5, 7 …. 
And the relation between TqF and TqB as in Eq. A4.20 becomes 
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Therefore, the stress in the quartz plate is given as 
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The resonant frequency of a TSM sensor can be determined based on Eq. A4.21 
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where, tq is the thickness of the quartz crystal plate; vq is the speed of shear acoustic wave in 
quartz crystal; cq is the elastic constant of the quartz crystal; ρq is the mass density of the quartz 
crystal; n is an odd nature number (i.e. n = 1, 3, 5, 7 ……). 
The fundamental resonant frequency of the TSM sensor appears when n = 1,   
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When an AC signal is applied to the two opposite electrodes of a TSM sensor, shear 
acoustic waves are generated inside the quartz plate due to the piezoelectric effect. The maximum 
magnitude of the shear displacement of the quartz plate happens when the frequency of the 
exciting signal is the same as the resonant frequency determined by Eq. A4.24. 
Similarly, the expression of the displacement of the acoustic wave can also be found. 
Applying the boundary condition Eq. A4.17 and the constitutive equation Eq. A4.4 into Eq. A4.7 
gives the relation between the magnitudes of the displacement, uqF and uqB, 
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With the condition of Eq. A4.21, the above equation becomes  
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Substituting this relation into Eq. A4.9, the displacement of the acoustic wave inside the 
quartz plate is obtained as 
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To find out the relation between the magnitude of the stress and that of the displacement, 
Eq. A4.28 is substituted into the constitutive equation Eq. A4.4. 
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By comparing Eq. A4.29 with Eq. A4.23, the relation between the magnitudes of stress 
and displacement, TqF and uqF, is found as 
qFqqqF ucjT ⋅⋅β⋅−=  A4.30 
For an unloaded TSM sensor operating at the fundamental resonant frequency, the 
maximum displacement happens at the two opposite sensor surfaces and zero displacement 
happens at the center of the sensor in the thickness direction. On the contrary, the stress is zero at 
the two sensor surfaces and reaches maximum at the center of the sensor.  
 
A4.4. A TSM Sensor Loaded with a Viscoelastic Medium 
When different media are applied to one or both surfaces of a TSM sensor, the 
characteristics of the acoustic waves are affected and so is the resonant frequency of the acoustic 
wave. By measuring the resonant frequency of the acoustic wave, various properties of the 
applied media can be determined, such as mass, density and viscosity. 
An example is given here by assuming that a viscoelastic liquid is applied to the top 
surface of a TSM sensor and the other surface of the TSM sensor is exposed to air (considered as 
stress free). The constitutive equation of this viscoelastic medium is given by 
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The behavior of a fluid is described by Navier-Stokes Equation as 
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where, v  is the velocity of the fluid and equal to the first derivative of the displacement; 
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the substantive derivative and vv
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To simplify Eq. A4.32, some important assumptions are made: the fluid is incompressible 
so 0v =⋅∇ ; the amplitude of the acoustic wave is small so 0vv =∇⋅ ; the pressure has no 
influence so 0p =∇ ; no gravity force influence so 0g =ρ . 
Then, Navier-Stokes Equation in Eq. A4.32 reduces to 
v
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So for this viscoelastic liquid applied to the TSM sensor, we have 
Equation of motion: 
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Constitutive equation: 
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The solution to Eq. A4.34 has the form of 
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where, LjLLˆ α−β=β is the complex wave length, 
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The particle velocity in the TSM sensor, vq, can be obtained by applying the first 
derivative, 
 t
 
∂
∂ , to Eq. A4.28, 
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 According to the continuity of displacement/velocity, the velocity in the viscoelastic 
liquid should be equal to that in the TSM sensor at the top boundary z = tq/2:  
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Next, the continuity of the shear stress at the top boundary is applied: 
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Apply the first time derivative, 
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∂ , to the above equation Eq. A4.40, 
159 
 
)
2
t
cos(u2cv)j()jc(  
}e)zcos(u2c{      
      }eev)j()jc( {  
}
z 
]e)zsin(u2[ 
c{      
}
z 
]eev[ 
)
 t
c( {  
)
z 
 v
c()]
z 
 v(
 tz 
 vc [ 
)]
z 
u 
(
 t
c[)]}
z 
u (
 t
[
 t
)
z 
u (
 t
c{
qq
qqFq0LLLLL
2
t
z
tj
qqqFq
2
t
z
)]
2
t
z(t[j)
2
t
z(
0LLLLL
2
t
z
tj
qqF
q
2
t
z
)]
2
t
z(t[j)
2
t
z(
0L
LL
2
t
z
q
q
2
t
z
L
L
L
L
2
t
z
q
q
2
t
z
L
L
L
L
q
q
q
L
q
L
q
q
q
L
q
L
qq
qq
⋅β⋅β⋅ω⋅⋅⋅=⋅β−α−⋅ω⋅µ+⇒
⋅β⋅β⋅ω⋅⋅⋅=
⋅⋅⋅β−α−⋅ω⋅µ+⇒
∂
⋅β⋅ω⋅⋅∂⋅=
∂
⋅⋅∂⋅∂
∂⋅µ+⇒
∂
∂⋅=∂
∂⋅∂
∂⋅µ+∂
∂⋅⇒
∂
∂
∂
∂⋅=∂
∂
∂
∂⋅∂
∂⋅µ+∂
∂
∂
∂⋅
=
ω
=
−β−ω⋅−α−
=
ω
=
−β−ω⋅−α−
==
==
 
Substitute Eq. A4.39 into the above equation and simplify it, 
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At the fundamental resonant frequency (n = 1), the wave number is given by Eq. A4.21,  
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Substituting Eq. A4.42 into Eq. A4.41 gives 
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Assuming that the resonant frequency of the TSM sensor with the viscoelastic loading is 
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Combing Eq. A4.43 with Eq. A4.44 gives 
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With the assumptions that the frequency change is very small ( 00 or    ω<<ω∆ω≈ω ), 
LL β=α , and only real part of the right side of the equation is considered, Eq. A4.45 changes to 
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Finally, the frequency change due to the viscoelastic loading is obtained 
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 A4.46 
where, ω0 is the fundamental resonant frequency of the TSM sensor given by Eq. A4.25; ρq and 
ρL are the mass densities of the quartz plate and viscoelastic liquid, respectively; cq and cL are the 
elastic constants of the quartz plate and viscoelastic liquid, respectively; tq is the thickness of the 
quartz plate and µq is the viscosity of the viscoelastic liquid. 
Eq. A4.46 gives the change in the fundamental resonant frequency of a TSM sensor due 
to a viscoelastic loading. By measuring this frequency change, the properties of the loading can 
be retrieved, such as mass density ρL, viscosity ηL and elastic constant cL. This has greatly 
expanded the applications fields of TSM sensors into fluid media. 
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Appendix 5. Transmission Line Model and Lumped Element Model for a TSM 
Sensor 
 
 
There are different types of models for simulating the operation of a TSM sensor. In this 
appendix, two most important models for a TSM sensor, the Transmission Line Model (TLM) 
and the Lumped Element Model (LEM), are introduced.  
 
A5.1. A Physical Model of a TSM Sensor 
A TSM sensor is usually made of an AT-cut quartz crystal plate with two electrodes 
coated on its opposite surfaces. Figure A5.1 shows a physical model of a TSM sensor with a 
thickness tq and two surfaces exposed to medium 1 and medium 2, respectively. 
 
 
 
 
Figure A5.1   A physical model of a TSM sensor 
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The TSM sensor can be exposed to different media, such as vacuum, air, liquid or solid 
thin film, etc. The electrical and mechanical properties of these loadings can affect the electrical 
characteristics of the TSM sensor. For the sensing operation of the TSM sensor, it is essential to 
relate the changes in the measured electrical parameters to the physical properties of different 
loadings applied to the sensor surfaces.  
 
A5.2. Transmission Line Model of a TSM Sensor 
Based on the physical model shown in Figure A5.1, a TSM sensor can be studied as a 
three-port network. By analyzing the acoustic and electrical parameters at the three ports, the 
interactions among the three ports can be found. A Transmission Line Model is created by 
relating the electrical impedance to the acoustic impedance.  
 
A5.2.1. A TSM Sensor as a Three-port Network  
A TSM sensor with a physical model described in Figure A5.1 can be considered as a 
three-port network with two acoustic ports and one electrical port, as shown in Figure A5.2.  
The forces and particle velocities at the two acoustic ports are defined as F1, F2 and v1, v2, 
respectively. Based on the relations among the stress, velocity and displacement of the acoustic 
wave obtained in Appendix 4, the forces and velocities at the two surfaces of the TSM sensor, z = 
-tq/2 and z = tq/2, can be defined as 
2
t
zq1 q
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2
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TAF =⋅−=  A5.2 
2
t
zq1 q
vv −==  A5.3 
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2
t
zq2 q
vv ==  A5.4 
where, tq is the thickness of the TSM sensor and A is the area of the quartz plate. Practically, A is 
the area covered by the electrodes on each surface of the quartz plate. 
 
 
 
 
Figure A5.2   A TSM sensor modeled as a three-port network 
 
 
 
According to Gauss’s law, the current at the electrical port, I3, is  
q3 DAjI ⋅⋅ω=  A5.5 
Therefore, the mechanical impedance at port 1 and port 2 can be defined as 
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And the electrical impedance at port 3 can be defined as 
3
3
3 I
VZ =  A5.8 
 
A5.2.2. Characteristic of the Three-port Network 
The characteristic of the three-port network are determined by the interactions between 
the parameters at the three ports, such as the force and velocity at port 1 and port 2, and the 
current and voltage at port 3. Then, a matrix relating these parameters can represent the 
characteristic of the three-port network. 
To get this matrix, we start with the constitutive equation of piezoelectric materials has 
different forms that can be converted to each other, one of them is used here as 
D1ShE
DhScT
S
D
⋅ε+⋅−=
⋅−⋅=
 A5.9 
where, h is the transmitting constant, Seh ε= ; cD is the elastic constant when D is zero or 
constant, )K1(c)
c
e1(cc 2ESE
2
ED +⋅=ε⋅+⋅=
; cE is the elastic constant when E is zero or 
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constant; K2 is the piezoelectric coupling constant, 
SE
2
2
c
eK ε⋅=
; e is the piezoelectric stress 
constant; εS is the permittivity when S is zero or constant. 
The displacement of the shear wave inside the quartz plate is given in Eq. A4.9. 
Similarly, the expression of the particle velocity is found as   
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Eq. A4.10 in Appendix 4 gives the general solution of the stress inside the quartz plate 
when no external excitation is applied. When an electric flux density, Dq, is present, the form of 
the stress changes to 
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Substitute the velocity in Eq. A5.10 and the stress in Eq. A5.11 into the equation of 
motion as in Eq. A4.3. The magnitudes of the stress, TqF and TqB, can be related to those of the 
velocity, vqF and vqB, 
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where, q
D
q0 cZ ρ⋅= . 
Using the boundary conditions in Eqs. A5.3 and A5.4, the velocity in Eq. A5.10 becomes 
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Solve the above equations for vqF and vqB and obtain 
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Substitute the above expressions of vqF and vqB into Eq. A5.7 and we get the velocity of 
particle vibration inside the quartz plate 
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Next, we want to find the relations of F1, F2 and V3 with v1, v2 and I3. First, substitute the 
general form of the stress in Eq. A5.8 into the boundary condition in Eq. A5.1 and consider the 
relations in Eq. A5.12, Eq. A5.14 and Eq. A5.5,  
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Second, by following the similar procedures, the expression of F2 can be found as 
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Third, we need to find the expression of the voltage at port 3, V3, in terms of v1, v2 and I3. 
By extracting the electric field, E, from Eq. A5.9 and using Eq. A5.11, we get 
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Then, by using the relations in Eqs. A5.12, A5.14 and A5.5, the above equation becomes 
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 Combining Eqs. A5.16 and A5.17 with Eq. A5.18 gives the relations  
⎥⎥
⎥⎥
⎥
⎦
⎤
⎢⎢
⎢⎢
⎢
⎣
⎡
⋅
⎥⎥
⎥⎥
⎥⎥
⎥
⎦
⎤
⎢⎢
⎢⎢
⎢⎢
⎢
⎣
⎡
⋅ωωω
ω⋅β⋅⋅β⋅
ω⋅β⋅⋅β⋅
⋅−=
⎥⎥
⎥⎥
⎥⎥
⎦
⎤
⎢⎢
⎢⎢
⎢⎢
⎣
⎡
3
2
1
0
qqqqqq
qqqqqq
3
2
1
I
v
v
C
1                    h                          h          
   h        )tcot(Z        )tcsc(Z
   h        )tcsc(Z        )tcot(Z
j
V
F
F
 A5.19 
where, 
q
S
0 t
AC ⋅ε= ; qDq0q cAZAZ ρ⋅⋅=⋅=  is the acoustic impedance of the quartz plate; 
Seh ε=  is the transmitting constant. 
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A5.2.3.   Electrical Impedance at Port 3 
To obtain the expression of the electrical impedance, Z3, in terms of the properties of the 
quartz plate and the acoustic impedance of the loadings at port 1 and port 2, we need to retrieve 
the relations of v1 and v2 with I3 from Eq. A5.19, which can be expanded as following. 
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Then, the relation between v1 and v2 can be found from Eqs. A5.20 and A5.21 by 
eliminating I3 from these two equations. 
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Next, substitute Eq. A5.23 into Eq. A5.20 to get the relation between v1 and I3 as 
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Then, substitute Eqs. A5.23 and A5.24 into Eq. A5.22 and obtain the expression of Z3, 
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Finally, we obtain the electrical impedance of the TSM sensor with any media applied to 
the two surfaces of the sensor as in Eq. A5.25. 
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where, 
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2
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K'K +=
 and 
SE
2
2
c
eK ε⋅=
 is the piezoelectric coupling constant; q
D
qq cAZ ρ⋅⋅=  
is the acoustic impedance of the quartz plate; Z1 is the acoustic impedance at port 1 that is given 
in Eq. A5.6; Z2 is the acoustic impedance at port  2 that is given in Eq. A5.7; βq is the wave 
number given in Eq. A4.11; tq is the thickness of the TSM sensor. 
 
A5.2.4.   Transmission Line Model 
Based on the three-port network model of a TSM sensor discussed above, the 
Transmission Line Model can be derived from Eq. A5.19.  
First, four parameters in an impedance matrix are defined in Eq. A5.26 and Eq. A5.27. 
)tcot(ZjZZ qqq2211 ⋅β⋅⋅−==  A5.26 
)tcsc(ZjZZ qqq2112 ⋅β⋅⋅−==  A5.27 
Then, Eqs. A5.20, A5.21 and A5.22 can be rewritten as 
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The first term on the right hand side of Eq. A5.28 can be seen as a voltage generated by a 
current, v1, through the impedance, Z11 – Z22. Similarly, the second term can be seen as a voltage 
generated by a current, v1 + v2, through the impedance, Z12. The third term can be seen as a 
voltage proportional to the current, I3, seen at port 3. Therefore, a TLM model named Mason 
series equivalent circuit can be constructed as in Figure A5.3. 
 
 
 
 
Figure A5.3   Mason series equivalent circuit 
 
 
 
In Figure A5.3, the turn ratio of the transformer is N = h ⋅ C0 = ( e / εS ) ⋅ ( εS ⋅ A / tq ). 
When port 3 is open circuit or I3 = 0, the third term in both Eqs. A5.28 and A5.29 equals to zero 
and this Mason equivalent circuit changes to a T network equivalent of a coaxial transmission 
line with impedance of Zq.  
There are some variations of the Mason equivalent circuit model, such as Redwood 
equivalent circuit and KLM (Krimholtz, Leedom and Matthaei) model, etc. All of these models 
utilize a transmission line to represent the propagation of acoustic waves inside a TSM sensor and 
use a transformer to simulate the interactions between the acoustic ports and the electrical port. 
Z11 – Z12 = j⋅Zq⋅tan(βq⋅tq/2) Z22 – Z12 = j⋅Zq⋅tan(βq⋅tq/2) 
v1 v2 
F1 F2 
Z12 = -j⋅Zq⋅csc(βq⋅tq)
v1 + v2
I3
V3
N : 1
-C0
C0
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A5.3. Lumped Element Model 
In practical applications of TSM sensors, it is always the electrical parameters (such as 
impedance, scattering parameters, etc.) that are being measured to retrieve the properties of the 
acoustic loadings. The Transmission Line Model (TLM) gives an accurate representation of the 
interactions between the impedance of the acoustic loadings at port 1, 2 of a TSM sensor and the 
electrical impedance at port 3. However, the TLM is complex and the simulation of the TLM 
within a large frequency spectrum is difficult. Since TSM sensors are usually used as a resonator 
in various applications, the modeling of a TSM sensor is mostly interested in its operation at its 
resonant frequency or a small vicinity of its resonant frequency. Therefore, a simplified model of 
the TLM is required for easy simulation and data retrieving at the frequencies close to the 
resonant frequency of a TSM. The Lumped Element Model (LEM) is the one that satisfied these 
requirements. 
The LEM can be created by analyzing the impedance of a TSM sensor given in Eq. 
A5.25. For an unloaded TSM sensor, both sensor surfaces are stress free, Tm1 = Tm2 = 0. 
According to Eqs. A5.6 and A5.7, the acoustic impedance at port 1 and port 2 equal to zero, Z1 = 
Z2 = 0. Then the electrical impedance at port 3, Z3, for an unloaded TSM sensor becomes 
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Eq. A5.31 shows that the electrical impedance of an unloaded TSM sensor, Z3, is 
equivalent to two impedances, ZC0 and Zm, in parallel. ZC0 is the impedance of a capacitor C0, 
which is the static capacitance of the quartz plate. Since a TSM sensor is used as a resonator, it is 
understandable to represent Zm as the impedance of an electrical resonator, which consists of an 
inductor L1, a capacitor C1 and a resistor R1 in series. Figure A5.4 shows this lumped element 
model of an unloaded TSM sensor, also called Butterworth-Van Dyke (BVD) model.  
 
 
 
 
Figure A5.4   A lumped element model of an unloaded TSM sensor 
 
 
 
Next, we need to find the expression of each component in this LCR resonator. The 
impedance of this LCR resonator, ZLCR, is 
1
1
1LCR RCj
1LjZ +⋅ω+⋅ω=  A5.34 
By equalizing this ZLCR to the impedance of the electrical resonator given in Eq. 5.33, we 
should be able to get the expressions of L1, C1 and R1. With the assumption that the operating 
frequency of a TSM sensor is in the vicinity of its resonant frequency, some important properties 
can be derived.  
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Assuming that 22 'K8)N( ⋅>>π⋅ and using the properties in Eqs. A5.35 and A5.36, the 
impedance in Eq. A5.33 becomes 
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Finally, the expressions of the values of the lumped elements in Figure A5.4, L1, C1 and 
R1, can be found as 
q
S
0 t
AC ⋅ε=  A5.37 
02
2
1 C
)N(
'K8C ⋅π
⋅=  A5.38 
1
2
n
1
C
1L ⋅ω=
 A5.39 
1q
q
1 Cc
R ⋅
µ=  A5.40 
where, εS is the permittivity when S is zero or constant; A is the cross-section area of electrodes; 
tq is thickness of quartz plate; h is the transmitting constant; 2
2
2
K1
K'K +=
 and 
SE
2
2
c
eK ε⋅=
 is the 
piezoelectric coupling constant; e is the piezoelectric stress constant; cE is the elastic constant 
when E is zero or constant; N is the order of harmonic frequency, N = 1, 3, 5… ; ωN is the Nth 
harmonic frequency; µq is viscosity of quartz plate. 
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Appendix 6. Simulations of the Lumped Element Model of a TSM Sensor Using 
PSpice 
 
 
A6.1. A Physical model and a Lumped Element Model of an Unloaded TSM sensor 
A typical TSM sensor is made of a thin quartz plate as shown in Figure A6.1. The quartz 
plate is coated with two gold electrodes. The electrical characteristics of a TSM sensor are 
determined by its dimensions (such as the thickness of the sensor tq, the diameter of the circular 
electrode dq and the diameter of quartz plate Фq) and its material properties (such as mass density 
ρq, shear elastic constant cq, dielectric constant εq, viscosity µq and piezoelectric constants eij).  
 
 
 
Figure A6.1   A physical model of a TSM sensor 
 
 
 
The operation of an unloaded TSM sensor at a frequency close to its resonant frequency 
can be simulated by using a Lumped Element Model (LEM) as shown in Figure A6.1 [40]. This 
model uses an equivalent electric LCR resonator to represent the electro-mechanical resonance of 
a TSM sensor. A parallel capacitor C0 is the static capacitance of the quartz plate. A detailed 
derivation of this equivalent electrical circuit is provided in Appendix 5. 
dq
tq 
Gold electrode
Top view Side view 
Quartz crystal
Electrical 
impedance 
Z3 
Фq 
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Figure A6.2   A Lumped Element Model of an unloaded TSM sensor 
 
 
 
The electrical characteristics of an unloaded TSM sensor can be measured by using the 
method described in Chapter 5. The values of the lumped elements (C0, L1, C1, R1) in the LEM 
can be optimized by fitting the simulated result to the measured data. An example of the 
measured and simulated results of an unloaded TSM sensor is shown in Figure A6.3. 
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Figure A6.3   A comparison between the measured and simulated S21 of an unloaded TSM sensor 
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The “Measured” curve is the measured S21 of an unloaded TSM sensor with a nominal 
resonant frequency of 10 MHz. The “Simulated” curve is obtained by optimizing the values of the 
lumped elements in the LEM to best fit the measured data. The values of the lumped elements 
through the optimization are listed in Table A6.1 as “Optimized”.  
The theoretical values of the lumped elements are determined by the properties of the 
TSM sensor. For the specific TSM sensor used in Figure A6.3, the thickness tq, the diameter of 
the electrode dq and the diameter of the quartz plate Фq are 167.0 µm, 5.0 mm and 13.7 mm, 
respectively. The frequency at the maximum magnitude of S21 is found to be 9.980215 MHz. By 
using Eqs. A5.37 – A5.40, the values of the four lumped elements are calculated and shown as 
“LEM” in Table A6.1. In the calculations, the material properties of AT-cut quartz in Table 1.3 
are used. The piezoelectric coupling coefficient of AT-cut quartz is used as 8% [59]. 
 
 
 
Table A6.1   A comparison of the values of the lumped elements obtained from different methods 
Parameters LEM * MLEM ** Optimized *** 
C0 (pF) 4.74 4.74 4.74 
L1 (mH) 10.33 4.31 4.28 
C1 (pF) 0.025 0.059 0.059 
R1 (ohm) 0.50 0.50 5.55 
    *  Calculated based on the Lumped Element Model. 
  **  Calculated based on the modified Lumped Element Model by considering the 
Gaussian  
          distribution of the shear displacement on the surface of a TSM sensor. 
***  Optimized in PSpice to fit the simulated result to the measured data. 
 
 
 
By comparing the values of L1 and C1 obtained from “LEM” and “Optimized”, it is clear 
that L1 calculated from the LEM, 10.334 mH, is 2.4 times of the optimized L1, 4.281 mH. The 
corresponding C1, 0.0246 pF, is only 41.4% of the optimized value. To explain the discrepancy 
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between the calculated results from the LEM and the optimized values, a modified LEM has to be 
introduced. 
A6.2. A Modified Lumped Element Model of an Unloaded TSM Sensor 
The values of C0, L1, C1 and R1 calculated in Eqs. A5.37 – A5.40 are derived in the LEM 
with the assumption that the surface of a TSM sensor has a uniform shear displacement [37]. In 
fact, the shear displacements of a TSM sensor along x-axis (direction of the shear motion) have a 
distribution approximate to a Gaussian function [61] [62], as shown in Figure A6.4. A modified 
LEM is proposed to consider the effect of the non-uniform displacements of a TSM sensor on the 
values of the lumped elements. 
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Figure A6.4   A Gaussian distribution of the magnitude of the shear displacement along x-axis of 
an unloaded TSM sensor (sensor diameter Φq, electrode diameter dq,) 
dq
Фq
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The Gaussian function describing this distribution can be expressed as 
2
x
2
2
x
x
x e2
1)x(u σ
−
⋅πσ=  A6.1 
where, x is the distance from the center of the TSM sensor along x-axis, ux is the magnitude of 
the shear displacement at a position x, σx is the standard derivation of the Gaussian function. The 
standard derivation σx is chosen as Φq/6 and the integral of the displacement over the sensor 
diameter is about 99.7%.  
The mechanical motion of the TSM sensor is associated with the momentum of the 
sensor, which is linearly proportional to the integral ∫ ⋅⋅ dx)x(uM xs , where Ms is the mass of 
the TSM sensor. In the Lumped Element Model, the displacement ux(x) is assumed to be uniform 
and the displacement along x-axis is assumed to be the same as the displacement at the center of 
the sensor, ux(0). Therefore, the total momentum based on the LEM is linearly proportional to the 
area covered by the dotted lines shown in Figure A6.4.  
394.26
2
16)0(uS x
x
xxLEM ≈σ⋅πσ≈σ⋅≈  A6.2 
In the modified Lumped Element Model (MLEM), the Gaussian distribution of the 
displacements is considered. The actual momentum of the TSM sensor is linearly proportional to 
the area covered by the solid lines shown in Figure A6.4. 
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The ratio of the total momentum of the TSM sensor in the MLEM to that in the LEM is 
≈394.2/997.0 0.417. This means that the effective mass of the TSM sensor in the MLEM is 
41.7% of the real mass of the sensor Ms. According to the conversion between a LEM and a 
mechanical model [60], the value of the inductance L1 is linearly proportional to the mass of the 
sensor. Therefore, the inductance L1 based on the MLEM is only 41.7% of the L1 determined by 
the LEM. Accordingly, the capacitance C1 in the MLEM is 39.2417.0/1 ≈  times of the C1 in 
the LEM. The other two parameters, C0 and R1, in the MLEM are the same as those in the LEM.  
By comparison, the difference between the simulated value of the inductance L1 and the 
calculated value from the MLEM is 0.65%. And the difference in C1 by using the two methods is 
1.18%. These results show that the modified Lumped Element Model can provide more accurate 
values of C0, L1, C1, R1. It makes the simulation of the operation of a TSM sensor consistent with 
the measurement results of a TSM sensor.  
 
 
A6.3. A Lumped Element Model of a Loaded TSM Sensor 
Based on the Lumped Element Model of an unloaded TSM sensor in Figure A6.2, the 
Lumped Element Model of a TSM sensor loaded with a spherical particle is developed as shown 
in Figure A6.5.  
This electrical circuit is created based on the analysis of the interfacial interaction forces 
between a single particle and a surface (discussed in Chapter 3) and the mechanical model of the 
interaction of a TSM sensor with a particle (developed in Chapter 4). Compared with the 
equivalent electrical circuit of an unloaded TSM sensor, a combination of an inductance L2, a 
capacitance C2 and a resistance R2 is inserted into the motional arm. The inductor L2 represents 
the mass of the loaded particle. The capacitor C2 represents the interfacial coupling coefficient. 
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The resistor R2 reflects the energy loss during the particle-surface interaction. A very small 
resistance, Rx1, is placed in the circuit to make the simulation converge in PSpice. 
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Figure A6.5   A Lumped Element Model of a TSM sensor loaded with a sphere 
 
 
 
The values of the added lumped elements can be obtained from the optimization of the 
equivalent electrical circuit to best fit the measurement results. The values of the lumped 
elements shown in Figure A6.4 are found for a 10 MHz TSM loaded with a chrome steel sphere 
with a diameter of 2.38mm. A comparison between the measured and simulated results for an 
unloaded and loaded TSM sensor is shown in Figure A6.6.  
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Figure A6.6   A comparison between the measured and simulated S21 of a loaded TSM sensor 
 
 
 
It shows that a particle loading on a TSM sensor causes an increase in the resonant 
frequency of the sensor. The magnitude of S21 at the resonant frequency decreases due to the 
energy loss due to the coupling between the sensor and the particle. In this specific case, an 
increase of 404.3 Hz in the resonant frequency and a decrease of 0.476 dB in the resonant 
magnitude of S21 are recorded. 
To study the influence of multiple particles on the electrical characteristics of a TSM 
sensor, simulations have been done for the same TSM sensor loaded different numbers of 
particles. The electrical circuits for the sensor loaded with two and three particles are shown in 
Figure A6.7 a) and b), respectively.  
 
 
 
C0 = 4.74 pF 
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L2 = 27.86 mH 
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a) A TSM sensor loaded with two particles 
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b) A TSM sensor loaded with three particles 
Figure A6.7   Electrical circuits for a TSM sensor loaded with different numbers of particles 
 
 
The simulation results for a TSM sensor loaded with different numbers of particles are 
shown in Figure A6.8. Each additional particle loaded on the TSM sensor causes an increase in 
the resonant frequency and a decrease in the resonant magnitude of S21. Keep in mind that this 
result is based on the assumptions that the mass sensitivity of the TSM sensor is uniform in the 
region for particle loading and the interactions among the loaded particles can be neglected. 
When the number of particles is increased so high that the second assumption is no longer valid, 
modifications have to be made to the Lumped Element Model to consider the interactions among 
the loaded particles. 
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Figure A6.8   Effects of different numbers of particles on the magnitude of S21 
 
 
 
The relation between the increase in the resonant frequency of the TSM sensor and the 
number of particles is better demonstrated in Figure A6.9. In the simulation, the distances 
between the particles loaded on the sensor are assumed to be much larger (>5 times) than the 
sphere diameters. Thus, the influence of the interactions among the loaded particles is neglected. 
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Figure A6.9   Dependence of the increase in the resonant frequency on the number of particles 
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Figure A6.9 shows that the frequency shift is linearly proportional to the number of 
particles loaded on a TSM sensor. The simulations are made for a 9.980210 MHz TSM sensor 
loaded with different numbers of 2.38 mm chrome steel particles. The error bars shown in the 
figure are based on the error analysis of the simulated frequency shifts by adjusting the values of 
C2 within the range of ±5%. The simulation results are displayed in Table A6.2 for three different 
values of C2. 
 
 
 
Table A6.2   Error analysis of the simulated frequency shifts for multiple-particle loadings 
 1 particle 2 particles 3 particles 
Frequency shift (Hz) 
when C2 = 0.73 nF 
404.8 809.6 1213.5 
Frequency shift (Hz) 
when C2 is increased by 5% 
386.6 770.0 1156.4 
Change in frequency shift (%) -4.5 -4.9 -4.7 
Frequency shift (Hz) 
when C2 is decreased by 5% 
428.6 852.9 1278.0 
Change in frequency shift (%) 5.9 5.3 5.3 
 
 
 
Adjusting only the values of C2 is equivalent to the situation in which particles with the 
same mass/diameter (determining L2) are loaded on a sensor but the interfacial coupling 
coefficient between the particle and the sensor (determining C2) varies. This simulation is very 
importance because it provides a way to estimate the changes in the interfacial coupling 
coefficient by looking at the error bars of a real measurement result. In this simulation, a 5% 
change in C2 results in a change of approximate 5% in the frequency shift.  
This result proves that a TSM sensor is capable of detecting multiple objects on the 
sensor surface when the density of the objects is not very high. This is very important for the 
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applications of TSM sensors in biomedical engineering, such as monitoring the adhesion process 
of cells and detecting of anthrax spores.  
The development of the Lumped Element Model of a TSM sensor loaded with single or 
multiple particles enables a fast and accurate retrieval of the values of the lumped elements (L2, 
C2 and R2) from the measurement results. Some important properties of the loaded particles and 
the particle-sensor interface can be obtained because the mass of the particle, mp, is linearly 
proportional to the inductance L2 and the interfacial coupling coefficient, kp, is inversely 
proportional to the capacitance C2. The extent of the energy loss in the particle-sensor coupling 
can be evaluated by the resistance R2. All these show that the combination of the electrical 
measurements and theoretical modeling provides a compact and cost effective means to 
characterize an interaction of particles with a TSM sensor. A complete studied of the relation 
between the lumped elements and the physical/mechanical properties will be conducted in the 
future work. Since TSM sensors with different fundamental frequencies have different 
mass/diameter sensitivities to particles, the LEM can also be used to optimize the values of the 
lumped elements and design the physical dimensions of a TSM sensor (thickness tq, electrode 
diameter dq and sensor diameter Φq) to achieve the best sensitivity for the given targets. 
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Appendix 7. MATLAB Programs for Data Processing in TSM and AFM 
Measurements 
 
 
To process the data obtained from the TSM and AFM measurements, some programs 
were created by using MATLAB. Two most important ones are provided for reference. 
 
A7.1. Data Processing for TSM Measurements  
% Data processing for multiple data files. 
% Attemption to eliminate the effect of noise (only for one point jump). 
% Output the processed data into a .txt file. 
 
clear all; 
 
fprintf('\n\n---------------------------------------\n') 
fprintf(' Program Starts here!\n\n') 
 
% Search for the Number_Of_Rows_of_Index 
% num_row_index = 736;            % number of rows of index 
number_of_data_rows = 801;             % number of rows of data 
number_of_data_columns = 3;            % number of data columns 
 
data_file_path = 'D:\ZQL\Research\PHD Thesis\Thesis\Qiliang\';     % directory in which data 
files are stored. 
output_file_path ='D:\ZQL\Research\PHD Thesis\Thesis\Qiliang\';   % directory in which output 
file will be stored. 
data_file_date = '070301';      % data files are named as YYMMDDxxx, where YY is year, MM is 
month, DD is day, xxx is sequence no. 
data_file_start = 2; 
number_of_data_files = 26;      % total number of data files generated in the same day. 
 
output_file_name = [data_file_date '_' num2str(data_file_start) '_' num2str(data_file_start + 
number_of_data_files - 1)]; 
output_file = [output_file_path output_file_name '.txt']; 
 
fid_output = fopen(output_file, 'w+'); 
 
for i = data_file_start : data_file_start + number_of_data_files - 1    % create data file name 
 
    if i < 10 
         
        data_file_name = [data_file_date '0' num2str(i)]; 
         
    elseif i < 100 
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        data_file_name = [data_file_date num2str(i)]; 
         
    end 
     
    data_file = [data_file_path data_file_name '.txt']; 
     
    fid_data = fopen(data_file, 'r');            
 
    if fid_data == -1  
         
        fprintf(fid_output, '%s %s %s \r\n', 'Data File ', data_file_name, ' Can Not Be Opened!'); 
        fprintf('%s %s %s \n', 'Data File ', data_file_name, ' Can Not Be Opened!'); 
         
    else 
         
        data_all = fscanf(fid_data,'%f');       %  Read the numerical values in data file into one long 
vector 
        data = reshape(data_all, number_of_data_columns, number_of_data_rows)';         % Sort the 
data into a matrix 
 
        for j = 1 : number_of_data_rows    % Retrieve the values for frequency, amplitude and phase   
             
            fre(j, i) = data(j, 1); 
            amp(j, i) = data(j, 2); 
            phi(j, i) = data(j, 3); 
             
        end 
         
        [max_amp(i), max_amp_index(i)] = max( amp(:, i) );       % Find the maximum amplitude 
and its index 
        fre_max_amp(i) = fre(max_amp_index(i), i);              % Find frequency at maximum 
amplitude 
         
        [min_phi(i), min_phi_index(i)] = min( abs(phi(:, i) ) );   % Find minimum phase (absolute 
value) and its index 
        fre_min_phi(i) = fre(min_phi_index(i), i);              % Find frequency at minimum phase 
(absolute value) 
 
        [p, S] = polyfit( fre(:, i), amp(:, i), 2 );       % Data fitting using 2nd order polynomial 
        cal = polyval( p, fre(:, i) );                     % Calculate the amplitude using best fit equation 
        corr = corrcoef( amp(:,i), cal );               % Correlation coefficient 
        coeff_amp(i, 1) = p(1); 
        coeff_amp(i, 2) = p(2); 
        coeff_amp(i, 3) = p(3); 
        corr_amp(i) = corr(1, 2); 
 
        figure (1) 
           plot( fre(:, i), amp(:, i), 'o', fre(:, i), cal ); 
           xlabel( 'Freq (Hz)') 
           ylabel( 'Magnitude of S21 (dB)' ) 
           Title( 'Magnitude of S21 vs. Freq' ) 
         
         
        [p, S] = polyfit( fre(:, i), phi(:, i), 1); 
        cal = polyval( p, fre(:, i) );                     % Calculate the phase using best fit equation 
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        corr = corrcoef( phi(:,i), cal );               % Correlation coefficient 
        coeff_phi(i, 1) = p(1); 
        coeff_phi(i, 2) = p(2); 
        corr_phi(i) = corr(1, 2); 
 
        figure (2) 
           plot( fre(:, i), phi(:, i), 'o', fre(:, i), cal ); 
           xlabel( 'Freq (Hz)') 
           ylabel( 'Phase of S21 (degree)' ) 
           Title( 'Phase of S21 vs. Freq' ) 
 
         
        fprintf(fid_output, ' Data file   %s        ', data_file_name); 
 
                
    end 
     
end 
 
fprintf( fid_output, '\r\n' ); 
 
for m = 1 : number_of_data_rows 
     
    for n = data_file_start : data_file_start + number_of_data_files - 1 
 
        fprintf( fid_output, '%10.2f   %4.3f   %6.3f ', fre(m, n), amp(m, n), phi(m, n) ); 
         
    end 
         
    fprintf( fid_output, '\r\n' ); 
     
end 
 
fprintf( fid_output, '\r\n \r\n' ); 
 
for k = data_file_start : data_file_start + number_of_data_files - 1 
     
    fprintf( fid_output, '%7.6e %7.6e %7.6e ', coeff_amp(k, 1), coeff_amp(k, 2), coeff_amp(k, 3) ); 
     
end 
 
fprintf( fid_output, '\r\n' ); 
 
for k = data_file_start : data_file_start + number_of_data_files - 1 
     
    fprintf( fid_output, 'Corr_amp %7.6e %7.6e ', corr_amp(k), corr_amp(k)^2  ); 
     
end 
 
fprintf( fid_output, '\r\n' ); 
 
for k = data_file_start : data_file_start + number_of_data_files - 1 
     
    fprintf( fid_output, '%10.2f %6.3f %4d ',  fre_max_amp(k), max_amp(k), max_amp_index(k) ); 
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end 
 
fprintf( fid_output, '\r\n' ); 
 
for k = data_file_start : data_file_start + number_of_data_files - 1 
     
    fprintf( fid_output, 'Resonant Frequency %10.2f ',  -coeff_amp(k, 2)/(2*coeff_amp(k, 1)) ); 
     
end 
 
fprintf( fid_output, '\r\n \r\n' ); 
 
for k = data_file_start : data_file_start + number_of_data_files - 1 
     
    fprintf( fid_output, '%10.2f %7.6e %7.6e ', -coeff_phi(k, 2)/coeff_phi(k, 1), coeff_phi(k, 1), 
coeff_phi(k, 2) ); 
     
end 
 
fprintf( fid_output, '\r\n' ); 
 
for k = data_file_start : data_file_start + number_of_data_files - 1 
     
    fprintf( fid_output, 'Corr_phi %7.6e %7.6e ', corr_phi(k), corr_phi(k)^2  ); 
     
end 
 
fprintf( fid_output, '\r\n' ); 
 
for k = data_file_start : data_file_start + number_of_data_files - 1 
     
    fprintf( fid_output, '%10.2f %6.3f %4d ',  fre_min_phi(k), min_phi(k), min_phi_index(k) ); 
     
end 
 
fclose( fid_data ); 
fclose( fid_output ); 
         
fprintf( '\n Program ends here!' ) 
fprintf( '\n---------------------------------------\n\n' ) 
 
end 
 
 
A7.2. Data Processing for AFM Measurements 
% Data processing for multiple data files. 
% Attemption to eliminate the effect of noise (only for one point jump). 
% Output the processed data into a .txt file. 
 
clear all; 
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fprintf('\n\n---------------------------------------\n') 
fprintf(' Program Starts here!\n\n') 
 
% Search for the Number_Of_Rows_of_Index 
% num_row_index = 736;            % number of rows of index 
% number_of_data_rows = 512;             % number of rows of data 
% number_of_data_columns = 5;            % number of data columns 
 
spring_constant = 0.12;         % spring constant of AFM cantilever, unit: N/m  or nN/nm 
 
data_file_path = 'c:\zql\research\data\AFM\ASCII\';     % directory in which data files are stored. 
data_file_date = '050726';      % data files are named as YYMMDDxxx, where YY is year, MM is 
month, DD is day, xxx is sequence no. 
data_file_start = 1; 
number_of_data_files = 39;      % total number of data files generated in the same day. 
 
output_file_path ='c:\zql\research\modeling\MATLAB\';   % directory in which output file will be 
stored. 
output_file_name = [data_file_date '.txt']; 
output_file = [output_file_path output_file_name]; 
 
fid_output = fopen(output_file, 'w+'); 
fprintf(fid_output, 'data decreasing decreasing increasing increasing decreasing increasing 
decreasing decreasing decreasing '); 
fprintf(fid_output, 'increasing increasing increasing deflection deflection deflection 
deflection\r\n'); 
fprintf(fid_output, 'file start stop start stop correlation correlation slope intercept sensitivity slope 
intercept sensitivity '); 
fprintf(fid_output, 'sensitivity voltage distance force\r\n'); 
fprintf(fid_output, 'name point point point point R^2 R^2 (V/nm) (V) (nm/V) (V/nm) (V) (nm/V) 
(nm/div) (V) (nm) (nN)\r\n'); 
 
for i = data_file_start : data_file_start + number_of_data_files - 1 
 
% create data file name 
    if i < 10 
        data_file_name = [data_file_date '00' num2str(i)]; 
    elseif i < 100 
        data_file_name = [data_file_date '0' num2str(i)]; 
    elseif i < 1000 
        data_file_name = [data_file_date num2str(i)]; 
    end 
     
    data_file = [data_file_path data_file_name]; 
    fid_data = fopen(data_file, 'r');            
 
    if fid_data == -1  
        fprintf(fid_output, '%s %s %s \r\n', 'Data File ', data_file_name, ' Can Not Be Opened!'); 
        fprintf('%s %s %s \n', 'Data File ', data_file_name, ' Can Not Be Opened!'); 
    else 
        counter_of_rows = 0; 
        label_extend = 'Extend'; 
        label_retract = 'Retract'; 
         
% Find the row number where extend data starts and the number of rows for index 
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        while 1 
            temp = fgetl(fid_data); 
            if strcmp(temp(1:6), label_extend) == 0 
                counter_of_rows = counter_of_rows + 1; 
            else 
                counter_of_rows = counter_of_rows + 1; 
%                fprintf('Search for Extend Data is finished.\n');               
                break; 
            end 
        end 
        number_of_index_rows = counter_of_rows - 2; 
        start_row_of_extend_data = counter_of_rows + 1; 
         
% Find the row number where retract data starts and the number of rows for extend data 
        while 1 
            temp = fgetl(fid_data); 
            if temp ~= '' 
                if strcmp(temp(1:7), label_retract) == 0 
                    counter_of_rows = counter_of_rows + 1; 
                else 
                    counter_of_rows = counter_of_rows + 1; 
%                    fprintf('\nSearch for Retract Data is finished.\n\n'); 
                    break; 
                end 
            else 
                counter_of_rows = counter_of_rows + 1; 
            end 
        end 
        end_row_of_extend_data = counter_of_rows - 2; 
        number_of_extend_data_rows = end_row_of_extend_data - start_row_of_extend_data + 1; 
        start_row_of_retract_data = counter_of_rows + 1; 
 
% Find the row number where retract data ends and the number of rows for retract data 
        while 1 
            temp = fgetl(fid_data); 
            if ischar(temp) 
                counter_of_rows = counter_of_rows + 1; 
            else 
                break; 
            end 
        end 
        end_row_of_retract_data = counter_of_rows; 
        number_of_retract_data_rows = end_row_of_retract_data - start_row_of_retract_data + 1; 
        total_number_of_rows = counter_of_rows;      
         
%        fprintf('Total number of rows in data file: %d\n', total_number_of_rows) 
%        fprintf('Number of rows of index: %d\n', number_of_index_rows) 
%        fprintf('Number of rows of extend data: %d\n', number_of_extend_data_rows) 
%        fprintf('Number of rows of retract data: %d\n', number_of_retract_data_rows) 
 
% Retrieve extend data from original data file 
        frewind(fid_data);         
        temp_extend = number_of_index_rows;         
        while temp_extend 
            buffer = fgetl(fid_data); 
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            temp_extend = temp_extend - 1; 
        end         
        labels = fgetl(fid_data); 
        legend_extend = fgetl(fid_data); 
        data = fscanf(fid_data,'%f');   %  Load the numerical values into one long vector 
        number_of_extend_data = length(data);        %  total number of points of retract data 
        number_of_extend_data_columns = round(number_of_extend_data / 
number_of_extend_data_rows); 
        if number_of_extend_data ~= number_of_extend_data_rows * 
number_of_extend_data_columns 
            fprintf('\n Error in extend data %s: number of data points is not equal to number of rows X 
number of columns', data_file_name); 
            fprintf('\n %d != %d x %d\n', number_of_extend_data, number_of_extend_data_rows, 
number_of_extend_data_columns); 
            error_extend_data = 1; 
        else 
            data_extend = reshape(data, number_of_extend_data_columns, 
number_of_extend_data_rows)';   
        end 
         
% Retrieve retract data from original data file         
        frewind(fid_data); 
        temp_retract = number_of_index_rows + 2 + number_of_extend_data_rows + 1;         
        while temp_retract 
            buffer = fgetl(fid_data); 
            temp_retract = temp_retract - 1; 
        end 
        legend_retract = fgetl(fid_data); 
        data = fscanf(fid_data,'%f');  %  Load the numerical values into one long vector 
        number_of_retract_data = length(data);        %  total number of points of retract data 
        number_of_retract_data_columns = round(number_of_retract_data / 
number_of_retract_data_rows); 
        if number_of_retract_data ~= number_of_retract_data_rows * 
number_of_retract_data_columns 
            fprintf('\n Error in retract data %s: number of data points is not equal to number of rows X 
number of columns', data_file_name); 
            fprintf('\n %d != %d x %d\n', number_of_retract_data, number_of_retract_rows, 
number_of_retract_data_columns); 
            error_retract_data = 1; 
        else 
            data_retract = reshape(data, number_of_retract_data_columns, 
number_of_retract_data_rows)';    
        end 
         
% Define the definition of each data column         
        for j = 1 : number_of_retract_data_rows 
            time(j) = data_extend(j, 1); 
            time(j + number_of_extend_data_rows) = data_retract(j, 1); 
            z_modified(j) = data_extend(number_of_extend_data_rows, 2) - data_extend(j, 2); 
            z_modified(j + number_of_extend_data_rows) = data_retract(j, 2); 
            deflection_voltage(j) = data_extend(j, 3); 
            deflection_voltage(j + number_of_extend_data_rows) = data_retract(j, 3); 
            deflection_distance(j) = data_extend(j, 4); 
            deflection_distance(j + number_of_extend_data_rows) = data_retract(j, 4); 
            deflection_force(j) = data_extend(j, 5); 
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            deflection_force(j + number_of_extend_data_rows) = data_retract(j, 5); 
        end 
         
%        for k = 1 : number_of_retract_data_rows 
%            fprintf('%f %f %f %f %f\n', time(k), z_modified(k), deflection_voltage(k), 
deflection_distance(k), deflection_force(k)); 
%        end 
         
%    figure (1) 
%       plot(time, z_modified); 
%       xlabel('Time (s)') 
%       ylabel('Modified Z-distance (nm)') 
%       Title('Modified Z-distance vs. Time') 
 
%   figure (2) 
%       plot(z_modified, deflection_voltage); 
%       xlabel('Modified Z-distance (nm)') 
%       ylabel('Deflection Voltage (V)') 
%       Title('Deflection Voltage vs. Modified Z-distance') 
 
%   figure (3) 
%       plot(z_modified, deflection_distance); 
%       xlabel('Modified Z-distance (nm)') 
%       ylabel('Deflection Distance (nm)') 
%       Title('Deflection Distance vs. Modified Z-distance') 
 
%   figure (4) 
%       plot(z_modified, deflection_force) 
%       xlabel('Modified Z-distance (nm)') 
%       ylabel('Deflection Force (nN)') 
%       Title('Deflection Force vs. Modified Z-distance') 
     
        decrease_start_flag = 0; 
        decrease_stop_flag = 1; 
        increase_start_flag = 1; 
        increase_stop_flag = 1; 
     
        for k = number_of_extend_data_rows + 1 : 2 * number_of_retract_data_rows - 1 
            if decrease_start_flag == 0 & deflection_voltage(k) > deflection_voltage(k + 1) 
                decrease_start_point = k + 2;           % 'i + 1' is ok. 'i + 2' for better linearity. 
                decrease_start_flag = 1; 
                decrease_stop_flag = 0; 
            end 
            if decrease_stop_flag == 0 & deflection_voltage(k) <= deflection_voltage(k + 1) 
                for m = 1 : 5 
                    if deflection_voltage(k + m) <= deflection_voltage(k + m + 1) 
                        decrease_stop_flag = 1; 
                    else 
                        decrease_stop_flag = 0; 
                        break; 
                    end 
                end 
                if decrease_stop_flag == 1 
                    decrease_stop_point = k - 1;        % 'i + 1' is ok. 'i + 2' for better linearity. 
                    increase_start_flag = 0; 
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                end 
            end 
            if increase_start_flag == 0 & deflection_voltage(k) < deflection_voltage(k + 1) 
                increase_start_point = k; 
                increase_start_flag = 1; 
                increase_stop_flag = 0; 
            end 
            if increase_stop_flag == 0 
                if deflection_voltage(k) >= deflection_voltage(k + 1) | (k - increase_start_point) > 4 
                    increase_stop_point = k; 
                    increase_stop_flag = 1; 
                    break; 
                end 
            end 
        end 
        if decrease_stop_flag == 0 
            fprintf('Can not find decrease_stop_point\n'); 
        else 
            fprintf(fid_output, '%s %d %d %d %d ', data_file_name, decrease_start_point, 
decrease_stop_point, increase_start_point, increase_stop_point); 
        end 
         
%   Find deflection sensitivity in unit of (V/nm) 
        x_decrease = (z_modified(decrease_start_point : decrease_stop_point))'; 
        y_decrease = (deflection_voltage(decrease_start_point : decrease_stop_point))'; 
        size_decrease = size(x_decrease); 
         
%   covariance_decrease = cov(x_decrease, y_decrease) 
        correlation_coefficient_decrease = corrcoef(x_decrease, y_decrease); 
        correlation_decrease = correlation_coefficient_decrease(1,2)^2; 
        fprintf(fid_output, '%f ', correlation_decrease); 
 
        x_increase = (z_modified(increase_start_point : increase_stop_point))'; 
        y_increase = (deflection_voltage(increase_start_point : increase_stop_point))'; 
        size_increase = size(x_increase); 
%   covariance_increase = cov(x_increase, y_increase) 
        correlation_coefficient_increase = corrcoef(x_increase, y_increase); 
        correlation_increase = correlation_coefficient_increase(1,2)^2; 
        fprintf(fid_output, '%f ', correlation_increase); 
 
        linear_fitting_decrease = polyfit(x_decrease, y_decrease, 1); 
        slope_decrease = linear_fitting_decrease(1); 
        intercept_decrease = linear_fitting_decrease(2); 
        deflection_sensitivity_decrease = abs(1/slope_decrease); 
        fprintf(fid_output, '%f %f %f ', slope_decrease, intercept_decrease, 
deflection_sensitivity_decrease); 
 
        linear_fitting_increase = polyfit(x_increase, y_increase, 1); 
        slope_increase = linear_fitting_increase(1); 
        intercept_increase = linear_fitting_increase(2); 
        deflection_sensitivity_increase = abs(1/slope_increase); 
        fprintf(fid_output, '%f %f %f ', slope_increase, intercept_increase, 
deflection_sensitivity_increase); 
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        deflection_sensitivity = (z_modified(decrease_stop_point + 1) - 
z_modified(decrease_start_point - 2)) / 10; 
        fprintf(fid_output, '%6.2f ', deflection_sensitivity); 
 
        x_cross_point = - (intercept_decrease - intercept_increase) / (slope_decrease - 
slope_increase); 
        y_cross_point = slope_decrease * x_cross_point + intercept_decrease; 
%   fprintf(id_output, '%6.1f %6.1f', x_cross_point, y_cross_point) 
 
        effective_deflection_voltage = deflection_voltage(increase_stop_point) - y_cross_point; 
        effective_deflection_distance = effective_deflection_voltage * 
deflection_sensitivity_decrease; 
        effective_deflection_force = effective_deflection_distance * spring_constant; 
        fprintf(fid_output, '%5.1f %5.1f %5.1f\r\n', effective_deflection_voltage, 
effective_deflection_distance, effective_deflection_force); 
        fprintf('%s %s %s \n', 'Data File ', data_file_name, ' Is Processed Successfully!'); 
        fclose(fid_data); 
    end 
end 
 
fclose(fid_output); 
fprintf('\n Program ends here!') 
fprintf('\n---------------------------------------\n\n') 
 
end 
199 
 
VITA 
 
 
Qiliang Zhang is a current Ph.D. candidate studying in the Department of Electrical and 
Computer Engineering at Drexel University. He received his Bachelor’s degree in 1993 and 
Master’s degree in 1998 from Department of Electrical Engineering at Tsinghua University, 
Beijing, China. Some of his previous research topics include surface analysis using Secondary 
Ion Mass Spectrometry (SIMS) and applications of mass spectrometry and vacuum technology, 
such as residual gas analysis, leak detection and calibration, etc. Currently, he is working on the 
study on the characterization of interactions of microparticles with surfaces using piezoelectric 
acoustic wave sensors.  
 
 
 
 
